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FOREWORD 

The members of the American Institute of Mining and Metallurgical Engineers 
interested in physical metallurgy or in the structure and properties of nonferrous 
alloys have every reason to be proud of the 1944 volume of the Transactions 
recording the proceedings of the Institute of Metals Division. It is safe to say that 
nearly all of the members of our Division are in one way or another subject to the 
great pressure connected with the extremely high production of nonferrous metals 
for war purposes, but despite this, the current volume is outstanding, not only 
in the high quality of the papers, but also in the number of papers and in the diversi- 
fied fields they cover. 

Considering the fact that this volume contains no papers on nonferrous smelting 
and refining, it is the largest in years, and it is fitting that I take this opportunity 
to express my appreciation here for the splendid work done, by the Division's 
Programs Committee, under the chairmanship of E. A. Anderson, and the Division's 
Publications Committee, under the chairmanship of E. E. Schumacher, in arranging 
the program for the Annual Meeting in New York City and the Fall Meeting in 
Chicago, and in maintaining the high quality that is always associated with the 
papers of our group. 

In addition to the usual quota of reports of research on copper and copper-rich 
alloys and six other interesting papers on structure and properties, the volume 
includes five papers on what might be termed pure physical metallurgy, of which 
two are important contributions to our knowledge of the electron microscope. 
Special attention is also directed to this year's Institute of Metals Division lecture, 
on “Some Problems in Organizing Industrial Research," by W. M. Peirce. This is 
a broad discussion of research as organized and carried out by a large metal producer 
and can be read with much profit by all metallurgists and executives in the metal- 
producing and metal-using industries. 

The volume also contains a number of papers on difiusion — the first of a series 
of comprehensive symposia. Although a paper prepared especially for a symposium 
cannot usually be called a report of research, such papers are a relatively broad 
survey of a particular field and the Division's Publications Committee in considering 
this symposium felt that it should be included in this volume. There is a large 
segment of the membership of our Division that is interested primarily in so-called 
“practical" metallurgy and because of this, E. A. Anderson, Chairman of the 
Programs Committee, has outlined a long-term program of symposia, which, it 
is' felt, will round out the service our Division gives to its members and to the 
nonferrous industries at large. The symposium included in this volume is only 
the first of a series and the Executive Committee of the Division feels confident 
that it will prove of much mterest and of lasting value to a considerable propor- 
tion of our m'embership. 

,^THt7n Philups, Chairman , 
Institute of Metals Division. 

New Haven, Connectictjt 

August I, 1944. 
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BYLAWS OF THE INSTITUTE OF METALS DIVISION 

(As approved by the Board of Directors September i6, 1937; Art. VII, Sec. 7, approved 
March 17, 1939; Art, V, Secs, i, 3, and 4, and Art. 7, Sec. i, approved June 21, 1944) 

ARTICLE I 

Name and Object 

Sec. I. This Division shall be known as the Institute of Metals Division of the American 
Institute of Mining and Metallurgical Engineers. 

Sec. 2. The object of the Division shall be to furnish a medium of cooperation between 
those interested in the metallurgy, fabrication and uses of the nonferrous metals and their 
alloys; to represent the A.I.M.E. in so far as nonferrous metallurgy is concerned, within 
the rights given in A J.M.E. Bylaw XI., Sec. i, and not inconsistent with the Constitution 
and Bylaws of the A.I.M.E.; to hold meetings for social intercourse and the discussion 
of nonferrous metallurgy; to stimulate the writing, presentation and discussion of papers'* 
of high quality on nonferrous metallurgy; to reject or accept such papers for presentation 
before meetings of the Division. 


ARTICLE II 

Members 

Sec. I. Any member of the A.I.M.E. of any class and in good standing may become 
a member of this Division upon registering in writing a desire to do so, but without addi- 
tional dues. 

Sec. 2. Any member not in good standing in the A.I.M.E. shall forfeit his privileges in 
the Division. 


ARTICLE in 

Funds 

Sec. I. The expenditure of the funds received by the Division shall be authorized by 
the Executive Committee of the Division. 

ARTICLE rV 

Meetings 

Sec. I. The Division shall meet at the same time and place as the Annual Meeting of 
the A.I.M.E., and at such other times and places as may be determined by the Executive 
Committee subject to the approval of the Board of Directors of the A.I.M.E. 

Sec. 2. The annual business meeting shall be held within a few days before or after 
the annual busiaess meeting of the .A.I.M.E. 

Sec. 3. At any meeting of the Division for which notice has been sent to the members 
of the Division tJ^ugh the regular mail at least one month in advance, a business meeting 
may be convened by order of the Executive Committee, and any routine business trans- 
acted not inconsistent with these Bylaws or with the Constitution or Bylaws of the A.I.M.E. 

7 



8 


JiVLAWS Oi' THE INSTITUTE OE METALS DIVISION 


Sec. 4. For the transaction of business, the presence of a quorum of not less than 25 
members of the Division shall be necessary. 

ARTICXE V 

OrPTCERS AND GOVERNMENT 

Sec. I. The officers of the Division shall consist of a Chairman, a Senior Vice-chairman, 
one Vice-chairman, Secretary and Treasurer. The office of Secretary and Treasurer may 
be combined in one person, if desired by the Executive Committee. 

Sec. 2. The government of the affairs of the Division shall rest in an Executive Com- 
mittee, in so far as is consistent with the Bylaws of the Division and the Constitution and 
Bylaws of the A.I.M.E, 

Sec. 3. The Executive Committee shall consist of the Chairman, Senior Vice-chairman, 
Vice-chairman, past Chairman, Secretary, and nine members, all of whom shall be nom- 
inated and elected as provided hereafter in Article VII. 

Sec. 4. The Chairman, Senior Vice-chairman and Vice-chairman shall serve for one 
year each, or until their successors are elected. Each member of the Executive Committee 
shall serve three years. The Chairman shall remain a voting member of the Executive 
Committee for one year after his term as Chairman. 

Sec. S- The Treasurer of the Division shall be invited to meet with the Executive 
Committee, but without ex-offido right to vote. He shall be appointed azmually by the 
Executive Committee, from the membership of the Executive Committee or otherwise. 

Sec. 6 . The annual term of office for officers of the Division shall start at the close of 
the Annual Meeting of the Institute and shall terminate at the dose of the next Annual 
Meeting. 


ARTICLE VI 

Committees 

Sec. I. There shall be six standing committees as follows: Papers and Programs Com- 
mittee, Finance Committee, Data Sheet Committee, Membership Committee, Annual 
Lecture Committee and Annual Award Committee and such other Committees as the 
Executive Committee may authorize. 

Sec. 2. It shall be the duty of the Papers and Programs Committee to secure the presen- 
tation of papers of appropriate character at meetings of the Division and of the A.I.M.E. 

Sec. 3. It shall be the duty of the Finance Committee to inquire into and examine the 
financial condition of the Division and to consider proper means of increasing its revenue 
and limiting its expenses. The Finance Committee shall audit the accounts of the Division 
and report to the Executive Committee prior to the Annual Meeting of the Division. It 
shall render a budget to the Executive Committee estimating receipts and expenses for 
the ensuing year so that action can be taken on same at the first meeting following the 
Annual Meeting. 

Sec. 4* It shall be the duty of the Membership Committee to encourage afid solicit 
membership in the A.LM.E. and in the Division in accordance with the Bylaws and Con- 
stitution of the A.I.M.E. , 

Sec. 5. It shall be the duty of the Annual Lecture Committee to arrange for the presen- 
tation at the time of the Annual Meeting of the A.I.M.E. of a lecture on a technical subject 
of particular interest to the Division and the A.I.M.E. as a whole. This lecture is to be 
known as the “Institute of Metals Lecture.” This Committee shall make all arrangements, 
finandal and otherwise, and render a complete report on same to the Executive Committee. 

Sec. 6. The Chairman of the Division shall, subject to approval of the Executive Com- 
mittee, appoint the Chairman and new members as required of the Committees referred 
to in Sec. i. 
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Sec. 7. Appointments on standing committees shall be for terms of three years each with 
approximately one-third of the committee membership being appointed each year. 

ARTICLE Vn 

Nominations and Elections oe Opeicers and Committees 

Sec. 1; Every year the Division shall elect a Chairman, a Senior Vice-chairman, a 
Vice-chairman, a Secretary and three members of the Executive Committee. 

Sec. 2. A Nominating Committee of five members of the Division shall be appointed 
by the Chairman of the Division subject to the approval of the Executive Committee. 

Sec. 3. This Committee shall make its report to the Executive Committee not later 
than June i. 

Sec. 4. Any ten members of the Division may submit nominations for one or more 
offices to the Executive Committee not later than August 15, and the persons so nominated 
shall be included in the official ballot. 

Sec. 5. The voting shall be by letter ballot. 

Sec. 6. The ballots shall be counted by a committee of tellers appointed by the Executive 
Committee. 

Sec. 7. The Executive Committee shall fill vacancies in any offices of the Division 
occurring for any reason other than the expiration of term of election. 

ARTICLE Vni 

Amendments 

Sec. 1. Proposals to amend these Bylaws shall be made in writing to the Executive 
Committee and dgned by at least ten members. They shall be considered by the Executive 
Committee and announced to the members through the columns of Mining and Metal- 
lurgy, together with any comments or amendments made by the Executive Committee 
thereon. They shall be voted upon at the annual meeting of the Division in February or 
by letter ballot, as may be directed by the Executive Committee. 
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ANNUAL AWARD CERTIFICATE OF THE INSTITUTE OF 
MET^S DIVISION 

In 1933, Uie Institute of Metals Division of the American Institute of Mining and Metallurgi- 
cal Engineers established its annual award of an engraved certificate to the author or authors of 
the paper that in the opinion of the award committee represents the most notable contribution to 
metallurgical science among the papers that have been accepted by the Division for presentation 
at one of its meetings and have been published by the Institute within the three years preceding 
the date of award. The award is made by the Division each February. There are no restrictions 
with respect to nationality, age or occupation of the author or authors. 

Awards have been made as follows: 

1934 Robert F. Mehl and Charles S. Barrett: Studies upon the Widmanstatten Structure, I — 

Introduction. The Aluminum-silver System and the Copper-silicon System. Tsansac- 
TiOMS (1931 J 93 i 78-110. 

1935 E. A. Anderson, M. L. Fuller, R. L. Wilcox and J. L. Rodda: The High-ainc Region of the 

Copper-xinc Phase Equilibrium Diagram. Transactions (1934) iii» 264-292. 

1936 Cyril S. Smith and W. Earl Lindlief : A Micrographic Study of the Decomposition of the 

Beta Phase in the Copper-aluminum System. Transactions (1933) Z04, 69-105. 

1937 Arthur Phillips and R. M. Brick. Effect of Quenching Strains on Lattice Parameter and 

Hardness Values of High-purity Aluminum-copper Alloys. Transactions (1934) iii, 
94-112. 

1938 William L. Fink and Dana W. Smith: Age-hardening of Aluminum Alloys, I — ^Aluminum- 

copper Alloy. Transactions (1936) 122, 284-293. 

1939 Frederick N. Rhines an<l Robert F. Mehl: Rates of Diffusion in the Alpha Solid Solutions of 

Copper, Transactions (1938) 128, 185-221. 

1940 Alden B. Greninger: Martensite Transformation in Beta Copper-aluminum Alloyk 

Transactions (1939) 133, 204-221. 

1941 S. E. Maddigan and A. I. Blank: Recovery and Recrystallization in Long-time Annealing of 

70-30 Brass. Transactions (1940) 137, 170-190. ^ 

1942 F. N. Rhines: A Metallographic Study of Internal Oxidation in the Alpha Solid Solutions 

of Copper. Transactions (1940) 137, 246-288. 

1943 J. D. Hanawalt, C. E. iN^elson and J. A. Peloubet: Corrosion Studies of Magnesium and Its 

Alloys. Transactions (1942} i47» 273-298. 

1944 A. H. Geisler, C. S. Barrett and R. F, Mehl: Aging in the Solid Solution of Silver in Alumi- 

num. Transactions (1943) 132, 182-300. 
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THE INSTITUTE OF METALS LECTURE 


An annual lectureship was established in 1921 by the Institute of Metals Division, which 
has come to be one of the important functions of the Annual Meeting of the Institute. In 1934 the 
Division established the custom of presenting a certificate to each lecturer. 

A number of distinguished men from this country and abroad have served in this lectureship. 
The roll is quoted below: 

1922 Colloid Chemistry and Metallurgy. By Wilder D. Bancroft. 

1923 Solid Solution. By Walter Rosenhain. 

1924 The Trend in the Science of Metals. By Zay Jeffries. 

1925 Action of Hot Wall: a Factor of Fundamental Influence on the Rapid Corrosion of Water 

Tubes and Related to the Segregation in Hot Metals. By Carl Benedicks. 

1926 The Relation between Metallurgy and Atomic Structure. By Paul D. Foote. 

1927 Growth of Metallic Crystals. By Cedi H. Desch. 

1928 Twinning in Metals. By C. H. Mathewson. 
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CoMMENCiNO in 1922, each year a lecture 
has been presented to the Institute of 
Metals Division at this February meeting. 
The range of subjects has been very broad. 
Some speakers have dealt with the most 
advanced work in the very heart of the 
science of physical metallurgy!. Others 
have stimulated our imaginations by dis- 
cussing the most recent progress in related 
helds of science. Others have told us of the 
latest art, which is at any moment of 
greater practical importance than the 
latest science, of metals. I feel that this 
broad precedent in the choice of subjects 
win justify my choosing to talk about some 
of the prosaic details of how, during the 
last generation, industry has effectively 
organized research to accderate progress 
in our own and all other fields of science 
and related art. 

A number of years ago I visited one of 
this country’s weU-known research labor- 
atories and had the pleasure of chatting for 
a few minutes with its equally well-known 
director. Being particularly interested at 
the time in the organization problems 
connected with* industrial research, I 
broached that subject. My host stated in 
effect that he didn’t believe in organized 
research. He was, of course, resorting to a 
rhetorical hyperbole to point out the 
danger of overorganization whidi can so 
easily drift into regimentation and destroy 
individual initiative. 

Actually nearly all of us, much as we 

* Chief of Research. Division, Technical 
Department, The New Jersey Zinc Company 
(of Pa.), Palmerton, Pennsylvania. 

t Presented at the New York Meeting, 
Pebruary 1944. Twenty-third Annual Lecture. 
Manuscript received at the office of the Insti- 
tute Feb. 15, 1944. Issued as T.P. 1726 in 
Metals Technoi.ogy. April 1944. 


cherish our personal freedom of action, 
believe in organization because the history 
of progress in every field of human activity 
has been a history of men learning to work 
together, to cooperate, to create, an effi- 
cient division of labor. We use organiza- 
tion to achieve this coordination. At the 
same time our form of organization must 
not stifle individual initiative or it will 
prove a deterrent rather than an aid to 
accomplishment. Research, too, must be 
organized for greatest achievement but 
espedal skill and care are perhaps needed 
to avoid stifling the initiative of the indi- 
vidual workers. 

I have, of course, followed with keen 
interest and much benefit the vast amount 
that has been said and written on this 
subject in the past twenty years but I still 
find new stimulation in discussions with 
my good friends working in this field. It is 
my hope that this discussion may serve a 
like purpose. 

It would be ungracious not to make due 
acknowledgment to the many able con- 
tributors to this particular phase of * 
human progress, but their very number and 
the great volume of their writing makes it 
impossible to trace to any one individual 
a particular significant and valuable idea. 

I shall content m3rself therefore with this - 
general acknowledgment and with ac- 
knowledgment of the specific debt that 
every research man owes to those who have 
so ably kept before the public, and in par- 
ticular before industrial executives, the 
place of research in the modem scheme of 
things. 

Because of the legitimate publicity thus 
given to research, the day is past when any 
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question is raised as to the need for indus- 
trial research and it is commonly accepted 
as a necessary item in the budget of a 
corporation. While twenty years have wit- 
nessed a revolution in general attitude in 
this respect, many problems involved in 
fitting the research department into its 
proper place in the industrial organization 
remain to be clarified and solved. Various, 
and in some cases radically different, 
methods of attack on these unsolved prob- 
lems are still under trial. It is not to be 
expected that any one system of handling 
research within a corporation will be found 
which is best in every set of circumstances, 
but as we consider the problem of building 
an effective research organization and 
making it part of the company as a whole, 
certain broad simple principles will emerge 
which it would seem foolish to ignore. 

The Purpose of Industrial Research 

First, let us examine the purpose which it 
is sought to accomplish when a company 
sets up a research department as a distinct 
entity. I think that in industry we are 
rapidly escaping from the misconception of 
research so dearly pointed out by Willard 
H. Dow, “Laymen have been trained to 
think that the physicist or the chemist 
dives into nature and comes up with some- 
thing wonderful. That, of course, is not 
true. The best we can do — ^indeed the only 
thing that is worth doing— is, with infinite 
patience, to work out the laws of nature 
as they apply to this or that* tiny section 
of matter and then find a way to direct 
the working of the natural law into a 
channel where it may serve mankind. That 
is why the end of every discovery must 
eventually be a commerdal utility.” 

Thus, the purpose behind a real indus- 
trial research department is both to seek 
new knowledge and to apply it. The mere 
application of known facts and principles 
may be excellent electrical or metal- 
lurgical or mechanical or chemical engi- 
neering but by itself it is not research. It is 


equally true that the search for knowledge 
for its own sake with no attempt to make 
useful application of it is research but it is 
not successful industrial research. 

We all know that there are hundreds of 
so-called research laboratories that are 
merely trouble-shooting organizations to 
assist either the operating department 
with manufacturing problems or the sales 
department with problems of utilization. 
Now these are necessary functions which 
must be performed somewhere in the com- 
pany by very capable personnel. Under 
certain conditions, these functions may be 
best performed by the research depart- 
ment, but, if so, they constitute a valuable 
by-product of research and not research 
itself. Laboratories constituted solely for 
this purpose do not fall within the scope 
of this discussion. 

But while it is easy to find laboratories 
which fail to meet the first criterion of a 
research laboratory, the search for new 
knowledge, you would be hard put to name 
an industrial research laboratory which 
seeks knowledge but makes no effort to 
apply it. This is often called pure 
research. It is rare in industry perhaps not 
so much for lack of financial support as 
because most good research men have an 
urge to see their discoveries put to practical 
use, a point to which I shall return. 

The notion sometimes voiced in the 
twenties that to seek to make research 
profitable constituted a prostitution of the 
scientific spirit has, I think, largely dis- 
appeared. At the same time it has become 
apparent to those in ultimate control of 
industrial research that the greatest 
profit may come in the least expected direc- 
tion and that we must seek knowledge with 
a faith in its ultimate benefit as well as 
with the hope of solving specific and 
immediate problems. It seems hardly 
necessary to add that no research labora- * 
tory can set out to cover the whole field of 
natural science and that the search for 
knowledge for its own sake can be directed 
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into those fields on which the broad inter- 
ests of a company impinge. Even though 
such research may be given an initial 
direction, it cannot be long pursued with- 
out leading quite far enough afield to 
satisfy the most visionary scientist or the 
most adventurous management. 

The first essential to the successful 
organization of industrial research then, 
is, that the company understand that the 
primary function of research is to explore 
for new knowledge in reasonably delimited 
fields within the sphere of company interest 
and to seek practical applications of what- 
ever may be found. They must further 
realize that while trouble shooting solves 
problems for other departments, real 
research creates problems — ^problems of 
raw material procurement, manufacturing 
and sales. Research will not therefore pay 
dividends unless a spirit of research per- 
vades the whole company and leads to 
the solution of these problems by the de- 
partments involved. 

The Place oe 

THE Research Department in 
THE Company Organization 

As companies have come to a dear 
acceptance of this definition of research, 
it has been reflected in the position of the 
research department in the organization 
of the company as a whole. Thus, while 
it was logi<^ for trouble-shooting labora- 
tories to be part of the operating depart- 
ment and for engineering groups engaged 
in new design based on old knowledge to be 
part of engineering, it became dear that 
a research department engaged in real 
researdi should report directly to the presi- 
dent or executive vice president of the 
company. We now find this the usual 
practice with the responsible head of the 
research activities himself a vice president 
in a rapidly increasing number of cases. 

Acceptance of the idea that a research 
program must indude the exploration of 
new fields without specific objectives in 


view carries with it a second important 
consequence. It is that the research staff 
must assume the initiative in selecting new 
fields for investigation. Naturally proposals 
for major excursions into new territory 
will be reviewed by the executive to whom 
the research department reports; There 
will be a profusion of such proposals and 
he will aid in selecting those whose poten- 
tial possibilities seem best suited for in- 
tegration with the company's general 
interests. But the research department 
must be competent to search out suitable 
new fidds for fundamental research and 
be willing to shoulder the responsibility 
for investigating them. 

Let me hasten to say that there is no 
intention to imply that ideas for real 
research work will come only from within 
the research department. They will come 
.from innumerable sources. Many problems 
presented by the manufacturing depart- 
ment will require long programs of research 
for a satisfactory answer and similarly 
many problems rdating to the use of 
company products will lead to real research. 
In the balance of this talk, no distinction 
will be made between problems as to their 
origin, and problems relating to research 
on old processes will be considered as 
subject to the same handling as new process 
research. 

Internal Organization 

Having defined the primary function of 
research as the discovery and application 
of new facts, and having sketched briefly its 
position in relation to the company as a 
whole, let us turn to the internal organiza- 
tion of the research department. We find 
that it is common practice to build up 
from units, variously referred to as sections 
or groups each of which is composed of. as 
many technically trained investigators and 
their hdpers as are needed to handle a 
certain type of problem, provided that 
the number which can be effectively 
directed by one group leader or section 
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chief, is not exceeded. This maximum will 
ordinarily be not over six or eight tech- 
nically trained men. The number of non- 
technical assistants will vary with the 
character of the work. 

One of the virtues of this S3rstem hin g es 
around and depends on these section chiefs 
who are key men. Their duties and qualifi- 
cations merit careful examination. The 
section chief must, first of all, be a com- 
petent research man in his field and must 
be thoroughly capable of the technical 
supervision of the investigations conducted 
mthin his group. Second, he must be 
competent in handling both the internal 
and the outside relationships of his section. 
Third, he must have a sense of financial 
responsibility since research is a business 
and its cost usually is and should be 
budgeted. The good section chief will 
himself absorb the more attention con- 
suming problems of relations with other 
departments and the problems of cost 
control and thus leave his investigators 
free to devote the maximum attention to 
research. 

The degree to which a section should 
be specialized is open to debate. A high 
degree of specialization brought about by 
assigning to a section problems of only one 
kind tends to build up a personnel very 
capable in that field but it also promotes 
narrowness and inflexibility. Problems of 
various types are apt to occur in a differing 
ratio from year to year and one section 
is apt to find itself, in a given period, over- 
loaded with problenis in applied research 
and with no time for the more fundamental 
studies. Another may find itselE in the 
reverse position. Long-time trends in com- 
pany interest may dbiange and the research 
department may find itself overstaffed with 
experts in a particular field who have lost 
the breadth and flexibility to successfully 
adapt themselves to new fields. This all 
points to the desirability of maintaining a 
reasonable diversity of interests in every 
section. By careful planning, this can 


usually be done in spite of the need for 
assigning to a single section all problems 
involving expensive equipment of a special 
sort or involving elaborate techniques 
requiring long and expensive training of 
personnel. 

The advent of intricate tools of research, 
which require specialists not only for their 
use but also for their further improvement 
and development, has created a problem 
in internal organization. A number of 
examples might be chosen: the spectroscope 
for analytical work both qualitative and 
quantitative, X-ray and electron diffrac- 
tion equipment for structural analysis, 
the infrared spectrometer for the analysis 
of organic molecular structure, and the 
electron microscope. Any one of these 
can be set up and used in a routine way 
by a high-grade technician, but to realize 
its full value ai;id to fully exploit its possi- 
bilities in solving new problems requires 
research investigators of high caliber. 

If a research organization is large enough 
to make possible the possession of such 
tools, it usually proves desirable to have 
them in charge of a research section or 
group comprised not only of technidans 
competent to operate them but of highly 
trained research investigators capable of 
adapting old and discovering new tech- 
niques for their application. For example, 
if a laboratory has need for spectrographs. 
X-ray and electron diffraction equipment 
and the electron microscope, these may 
be well grouped in a single section staffed 
as recommended above. This section will 
provide other sections with the necessary 
service and collaboration on problems 
requiring the application of these tools. 
In such cases we must admit the necessity 
of highly spedalized sections. Fortunately, 
however, the danger that the individual 
investigators will get into a nit is not great. 
Their work will bring them into dose 
contact with a wide variety of problems to 
which th^ can make contributions well 
beyond the scope of thdr speciality. Good 
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men on such jobs are in fact apt to attain 
unusual breadth. 

Other types of service, some of them non- 
technical in character, can in many cases 
be advantageously centralized. Whether 
such centralization is profitable in a specific 
case will depend on individual conditions. 
For esample, centralized shop facilities 
are normally essential but the extent to 
which the individual investigators should 
be allowed access to the central shop 
facilities or provided with separate facilities 
within their own sections must be decided 
on the basis of factors peculiar to each 
organization. The same is true of analytical 
and photographic service. 

On the other hand, it is almost universal 
practice to have a common library staffed 
by trained librarians competent to con- 
duct or assist in literature searches and 
abstracts, and experienced in locating and 
securing references not locally available. 
The indexing, abstracting, and circulating 
of periodicals is an important function of 
the library. 

Similarly, a separate accounting depart- 
ment is commonly maintained. Monthly 
cost sheets showing expenditures by prob- 
lems subdivided into payroll and other 
major types of expense provide the neces- 
saiy data for adequate cost control and 
for estimating the cost of new projects. 

Even the best organized laboratory will 
not be wholly self-sufficient and we may 
well consider for a moment the outside 
sources on which it may draw for aid. 

Every industrial laboratory will find 
itself confronted with an occasional prob- 
lem outside its established fields of inves- 
tigation. The probable extent of the 
interest in the new line of work may not 
justify investment in equipment and the 
expense of training personnel and perhaps 
adding temporary personnel. In such cases 
it is often possible to find one of the inde- 
pendent researdi laboratories which is pre- 
pared to imdertake the problem promptly 
and effectivdy. It seems likely that sudi 


arrangements will be more and more com- 
monly used by the industrial laboratories. 

Consultants from the university faculties 
serve a valuable purpose in connection 
with industrial research. They bring a 
fresh viewpoint and are unwarped by the 
pressure of industrial problems which, even 
under the most favorable circumstances, 
makes it difficult at times to maintain a 
good research perspective. 

These contacts and the amazing freedom 
of contact between the industrial labora- 
tories themselves without doubt constitute 
one of the potent factors in the achieve- 
ments of industrial research in our country. 

Having described in some detail the 
units and facilities from which a research 
organization is assembled, let us consider 
the pattern by which we integrate these 
units into a coherent whole. 

The various lines of work which have 
been placed in the hands of the several 
sections can usually be grouped into two 
or more divisions with the sections in each 
division having enough in common to 
permit their general supervision by a 
division head. In a laboratory of moderate 
size, the division heads may be assistant 
directors of research while in very large 
organizations some further grouping of 
divisions may be necessary. On the other 
hand, where there are fewer sections, the 
section chiefs may report directly to the 
department head. 

We have pursued the details of organiza- 
tion methods this far to show how a simple 
clear-cut ‘organization, patterned along 
sound lines, can be set up for the technical 
direction of the business of research. 

Personnel 

Selecting a pattern of organization is 
only a first and relatively simple step. Its 
effective functioning, of course, depends on 
intelligent handling of human relations. 
Research laboratories of even moderate 
size involve a large enough personnel to 
require systematic management rather 
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than day by day dealing with isolated 
problems. Success here requires that the 
principles of good management be firmly 
adhered to. A review of these principles 
might seem unnecessary were it not that 
their importance in research administra- 
tion seems at times to be underempha- 
sized. Individuals are the ultimate assets 
of the research organization but as indi- 
viduals we have an inborn antipathy to the 
restraints of organization. These restraints 
should therefore be the minimum neces- 
sary to enable many individuals to work 
together effectively and harmoniously. 

It follows that the first principle is to 
create as well as we can an environment in 
which each individual can and will do his 
most creative work. This is where the 
section chief makes his greatest contribu- 
tion. We hire a new investigator fresh 
from school and turn him over to the 
section chief whose job it is to develop 
whatever qualities of initiative and re- 
sourcefulness he may possess and which 
are necessary to make him a valuable and 
productive research man. The new man 
win, as he develops, be entrusted with 
work involving substantial expenditures 
apart from his own salary. We therefore 
have two conflicting interests which the 
section chief must reconcile. He must 
determine how dose a rein to hold to pre- 
vent undue loss of time and money 
through the younger man’s inexperience 
without, on the other hand, destroying 
his initiative. Even the graduate student 
comes to the industrial laboratory with 
only his preflight and primary flying train- 
ing. The section chief or his oldest inves- 
tigators are the instructors who risk life, 
limb, and reputation making combat fliers 
out of the new men. 

Obviously, the desired environment can- 
not be created unless the members of the 
organization know from experience that 
finandal reward, credit for achievement, 
.and opportunity to build a professional 
reputation by publication and outside 


contacts are equitably handled. Here, the 
section chief must be supported by a sound 
company policy. 

In this connection, a word should be 
given to the questionable policy of special 
bonuses for particular achievements. The 
evils of this system seem to be generally 
recognized and, I believe, its use is not 
now common. The principle is inherent 
when a man is employed exclusively for 
research work that his best effort is due 
the company and the results of his work 
their property. It would seem to follow 
that his reward should be based on the 
continuous record of his performance 
rathdr than on the outcome of a specific 
assignment in which chance frequently 
plays a large part To abandon this prin- 
ciple,. courts jealousies over the assignment 
of problems promising quick results or 
commanding especial attention and an 
aversion to undertaking the often more 
important long-pull jobs. Moreover, the 
natural desire for individual credit will 
lead to secretiveness rather than the full 
group cooperation which produces such 
outstanding results but which makes it 
nearly impossible to fairly parcel out, 
among the group, credit for a particular 
job. 

This first principle— that a proper envi- 
ronment must be created — obviously can- 
not be achieved independently of those 
that follow. 

The second principle is that the organi- 
zation plan be simple and involve no over- 
lapping or conflicting lines of authority. 

The third principle is that the formal 
organization reflect accurately the duties 
and responsibilities of the individuals in- 
volved. This, of course, means that no 
duty or responsibility will be formally 
assigned on paper until careful and deliber- 
ate cqnsideration convinces those respon- 
sible that they are willing to stand back 
of the commitment. 

The fourth principle is that organization 
lines be rigidly adhered to in all matters 
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involving decisions and action as dis- 
tinguished from interchange of informa- 
tion, to which latter benefit there must be 
no obstacle in a well conducted research 
laboratory. If it appears impossible to 
adhere to the organization lines, it is 
fairly certain that the second or third 
principle has been violated. 

If these principles are properly im- 
plemented, it will be possible to meet the 
internal problems of the research organi- 
zation and to create that unity, enthusiasm 
and morale which is prerequisite to effective 
creative research and to sound relations 
with other departments of the company. 

The Development Stage 

I am sure that most of you have recog- 
nized a deliberate oversimplification of the 
problem in order to first sketch the essential 
elements of organization structure. This 
oversimplification consisted in deferring 
consideration of the problems which arise 
when research carries a new process into 
the commercialization stage or carries a 
new product or the new application of an 
old product into the sales field. We must 
now return to these problems and examine 
how the researdi organization can be 
adapted to their handling. 

First, let us consider the commerdal 
development of a new process through its 
several stages. A chemical process lends 
itself well as an illustration. The process 
has originated in a successful beaker-scale 
research investigation. The crock-scale’^ 
test which normally follows will usu- 
ally disdose difficulties requiring further 
beaker-^cale work for their solution. 
Success on , the crodi scale will lead to a 
smallk pilot operation. New difficulties of a 
diemical nature due to dianged rates of 
mixing, heating or cooling may ensue and 
require new woric on a smaller scale. 
Engineering difficulties, however, will begin 
to assume a more prominent place arid 
gradually these problems will become 
predominant. Success on the pilot scale will 


be followed by a commerdal-sized pilot 
plant and here questions of engineering, 
maintenance and labor assume a primary 
position — ^if we are fortunate. Sometimes 
we aren’t fortunate and a difficulty inherent 
in the chemistry of the process crops out to 
send us back again to fhe beaker. 

In metallurgical opera^tions, it is not 
always possible to proceed by such gradual 
steps, witness a case where the heart of the 
process lay in rates of heat transfer which 
could be tested only on a full commerdal 
scale. In such cases, research must be 
conducted on a plant scale from the outset. 

Both cases illustrate the same point, 
that research, in the purest sense of the 
word, is involved until the process is 
working smoothly in the plant. It is in- 
volved in a diminishing degree as the work 
goes forward while engineering and oper- 
ating are involved to an increasing extent. 
The transition tends to be gradual rather 
'than abrupt and the organization problem 
is to make the transition from the inception 
of the idea by research to its routine oper- 
ation by the plant as smooth as possible. 

We find normally that the group who 
effectively carry out the laboratory-scale 
experiments are less profident or even 
wholly inept in pilot-plant operation and 
are inexperienced in the problems of engi- 
neering, maintenance, and labor involved 
in the commercial operation. 

Another group or section made up of men 
experienced in larger scale operations and 
conversely less at home with highly 
theoretical chemistry or physics or metal- 
lurgy and delicate laboratory-scale t^ts, 
must therefore be brought into the picture 
when the transition to the phot-plant stage 
is made. This can be brought about very 
smoothly if a dose relationship existe 
between the two sections. Such intimacy 
should result in a considerable familiarity 
with the new process on the part of what 
we may for convenience term the pilbt- 
plant section, some time before the 
responsibility for undertakmg pilot-plant 
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work is given to them. On the other hand, 
the contact of the laboratory section with 
the work will not terminate abruptly but 
their aid will be sought whenever necessary 
throughout the further development of the 
process. 

In the almost Utopian situation which I 
have described the pilot-plant man will, 
when the pilot plant develops unforeseen 
troubles, repress his first reaction, bom 
of the disappointment of the moment, to 
cuss out the laboratory theorist. The 
laboratory theorist on his part will re- 
frain from jumping to the conclusion that 
the practical man has compromised some 
essential principle to escape an operating 
difficulty. Instead they together im- 
partially examine the facts and if the basic 
knowledge is at fault, laboratory work will 
be resumed. If the application of the knowl- 
edge has been imperfect, a way to improve 
the large-scale setup will be sought. If it 
appears impossible or impractical to • 
achieve the required conditions in practice, 
the laboratory must seek an alternative 
method which can be achieved under large- 
scale conditions. When a relationship based 
on the mutual confidence of a laboratory 
and a large-scale investigator is built up 
approaching this ideal, it is an asset to 
be most zealously conserved and the wise 
research management will utilize such a 
team together in future problems when- 
ever possible. 

It is not, however, universally true that 
the same man or group cannot carry a new 
idea through from its inception to its coin- 
merdalization. Research men vary as 
much in their abilities, idiosynaasies and 
limitations as any other group and we 
naturally find" that they vary in their 
ability to experiment on a .small scale in 
the laboratory and in their capacity to 
develop an idea through successive stages 
into a going commercial operation. 

By extended trial and observation, we 
can estimate the degree of each man’s 
ability in these several phases of research 


and at first glance it would seem simple to 
say that we will finally assign each man to 
the phase of the work for which he is best 
fitted. But when we come to grips with the 
realities of working with individual re- 
search men we encounter a psychological 
factor which we cannot afford to ignore. 
This is the desire which most research 
men have to. see a new idea through to its 
conclusion. 

This desire is a potential asset, for a 
man must not only have ability to do a 
job but he must have an interest in doing 
it. Keen interest and fair ability are a 
better combination to bet on than excellent 
ability and lukewarm interest and the 
keenest interest will lie with the man who 
originates an idea. If the idea must at 
some stage in its development be turned 
over to another investigator, we must, by 
careful handling of the transfer, engender 
in the man who picks up the work at its 
new stage a lively interest and belief in 
the idea. At the best, there will be a definite 
loss to be offset by the superior ability 
of the new man to handle the larger $cale 
work. 

It follows that in those cases where one 
man combines the abilities necessary to 
initiate an idea and carry it through its 
successive stages, nothing will be gained 
and much may be lost if we do not leave 
the job with him from start to finish. 

The converse and equally important 
side of the same general picture is that 
many of the ideas warranting research 
projects will come from the groups assigned 
to pilot-scale work. The investigation of 
these projects will in many, if not in most 
cases, involve laboratory work for which 
the originating section is not equippe4 nor 
staffed. Here we will meet the same natural 
reluctance to turn the fate of the brain- . 
child over to a foster parent— in this case 
as it draws its first breath. Again, the 
solution must lie in the existence of that 
indispensable mutual confidence between 
sections. The laboratory research group 



W. M. PEIRCE 


25 


who are asked to rear the child must 
remember that some future Faradays and 
Edisons probably looked pretty unpromis- 
ing to any one but their parents at birth, 
and must give these foster children the 
same care as they lavish on their own 
equally scrawny looking offspring. On the 
other hand, the group seeking a home for 
their brain-child must be Spartans in those 
cases where cl9ser examination reveals that 
the child is hopelessly malformed. 

The research management is fortunate 
which has achieved sufficient flexibility 
of procedure to solve one case by having 
the originator of an idea carry through from 
start to finish and another case by making 
a necessary transfer of the work either at 
its very inception or at a later stage, with- 
out in either case losing sight of the ele- 
mental requirement that the man who 
conceives the idea must feel confident that 
it has been given a fair chance of success. 
Nothing can more quickly destroy the 
enthusiasm which is the driving force 
of creative research than lack of such 
confidence. 

Research and Sales 

If we turn now from research on new 
processes to research leading to the intro- 
duction of a new product or the exploita- 
tion of a new use for an old product 
involving relations with the sales depart- 
ment and customers, we find the same basic 
factors at work in a somewhat modified 
form. An example illustrating this point 
is a case with which I happened to be 
closely associated. Twenty odd years ago, 
a customer complained that while our 
99.9s per cent purity zinc was noticeably 
superior to the much less pure Prime 
Western grade he had been using in making 
zinc alloy die castings, the results were 
still far short of satisfactory. A research 
physic^ metallurgist spent some time in 
the customer’s plant acquainting himself 
with the metallurgical problems of the 


comparatively young and very small die- 
casting industry. The problem which he 
brought back was the basis for many years 
of research. The purely laboratory alloy 
research came first. 

As time went on it became evident that 
the metallurgy was vitally related to the 
mechanics of casting because of the impor- 
tance of cooling rates. A new section took 
over the mechanics. The new alloys which 
were developed had to be sold to the trade, 
after being first sold to the sales depart- 
ment. Typically, the first step was to secure 
the attention and interest of the metal- 
lurgists and designing engineers of actual 
and potential users of die castings. This 
required the direct effort first of research 
men engaged in the metallurgical develop- 
ment and later of those engaged in the 
mechanics of the process. From the outset a 
technical service engineer from the sales 
department took part in these contacts 
and as the job grew in magnitude others 
were added and they took over those 
customer contacts not necessitatii:^ new 
research. When new research was indicated 
a research man was brought into direct 
contact with the problem but, in time, 
first the metallurgical group and later the 
mechanics group were released to a greater 
and greater extent to devote their time to 
new research problems. 

Those of you who have been involved 
in such developments will realize that this 
outwardly simple story actually involves 
many problems of interdepartmental rela- 
tionships and that the efficient transfer 
of responsibility from research to sales 
requires a long period of cooperation and 
depends on mutual respect and confidence. 
It is essential to the satisfactory handling 
of such problems that the technical back- 
ground and ability of the members of the 
sales department assigned to such work 
be of high order. That this is generally 
recognized is obvious from the increasing 
tendency to use engineers extensively in 
industry sales work. 
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It is evident that the devdopment which 
I have just described ultimately involved 
what is often called customer service or 
trouble shooting- 1 stated at the begiimiag 
of this talk that under certain conditions 
this is a function that may be effectivdy 
handled as an adjunct of research. This 
is apt to be true when the size of the com- 
pany or of a particular branch of its 
business Is not sufOident to warrant the 
duplication in sq>arate departments of 
facilities and ezpert peisonnd required for 
the work involved. There is a further and 
perhaps more serious objection to sepa- 
rating technical sales service from research. 
Cases constantly recur in which recent 
researdi results whidi have not had time 
to be disseminated and assimilated by a 
sales service group are api^cable to a 
customer problem and there are the corol- 
lary cases where first-hand contact with a 
practical problem is a valuable stimulus 
to researdL This stimulus is so strong that 
almost invariably when a service group is 
set up outside the researdi department, 
its members are soon found to be doing 
research with the attendant difi&culties 
which seem inevitable when two depart- 
ments attempt to cover the same fidd. 

On the other hand, the disadvantage of 
using research men for service work is 
serious. If there are many such demands 
upon one investigator his research work is 
seriously curtailed, not only by the actual 
time devoted to service work, but by the 
tendency to start new investigations aimed 
at the quick solution of customer problems. 
When service work is done by the researdi 
dqiartment, several means of iwimmianng 
these difikulties are employed. Sometimes 
the section chief; who usually does not 
personally cany out any espeiimental 
work, can, if he has a strong staff, spare 
sufBdent time to handle sudi work. In 
other cases, a man fitted for the work in 
question may be assigned to service prob- 
lems but left in his research section. By 
continuing some investigational work and 


through daily contact with those carrying 
forward researdi in his fidd he keeps 
abreast of the latest devdopments a^ 
thereby maintains the unique value which 
a research man has in service work. Simi- 
larly, if the demands become very heavy a 
separate unit or section may be set up 
within the researdi department to do a 
limited amount of researdi and a large 
amount of service work. 

Here again is emphasized the advantage 
of suffident flexibility of operation to per- 
mit the handling of different cases by 
different methods without breaking the 
vital thread of organization. 

Types op Research Organization 

In my first reference to the grouping of 
sections under division supervisors, I 
ddiberatdy postponed any detailed dis- 
cussion of thebasis for sudi grouping. Now 
having considered some of the rdations 
between sections we can more easily assess 
the merits of the two general systems of 
grouping. These might for convenience be 
termed the horizontal and vertical plans. 
See fig. X. In the horizontal plan, the 
research department is divided into one 
division carrying out fundamental research 
and a second carrying out pilot-plant or 
commerdal-scale work on new processes. 
This second group is frequently referred 
to as the devdopment group. A third 
division is sometimes added to handle 
problems originating with customers and 
brought in by the sales personnd. 

In the vertical type, the necessary sub- 
divisian is made according to the ^d of 
investigation rather than according to the 
scale on which it is being done as in the 
former (horizontal) type of organization. 
For ezamifie, a metallurgical company 
mig^t have one group devoted, to pyio- 
metalluigical research and another to 
dectxolytic process research. Each group 
would have a balanced staff capable 
fundamental research in the laboxatoxy 
and of pilot-scale development. Another 
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group dealing with physical metallurgy 
would be staffed for both pure research 
in that held and the application of physical 
metallurgy to casting, rolling, drawing or 


away from the laboratory man as soon as 
it is ready for pilot-plant development, the 
original investigator is automatically re- 
turned to pure research. The corollary dis- 
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other fabricating processes either in the 
company’s operations or in the customer’s 
utilization of the company’s products. It 
is evident that such a group-would combine 
pure research and devdopment or applied 
research and can ea^y be drawn into 
straight trouble shooting for either the 
operating or the sales departments.' (See 
Fig. 1.) 

Since both types of organization are in 
\)peration in different companies and since 
more than one company has tried both, it 
is evident that' each must possess advan- 
tages and disadvantages. 

The advantage of the horizontal type of 
division which is most often emphasized, 
is that by transferring a mew devdopment 


advantage is that the transition from 
laboratory to pilot plant under this systw 
is marked by a transfer in responsibility 
from the head of the fundamental re- 
search to the head of the development 
group. As a result the transition i^ apt to 
be more abrupt and the loss in effectiveness 
in carrying forward the job and the reper- 
cussion on the man who started the job 
are both much greater. Under this system 
cases' are ajmost sure to occur where the 
man who carries out the rese^irch is sb 
indisputably the best man to continue the 
larger scale dbvdopment that it is essential 
to have him do so. This immediatdy poses 
a new problem. Either the man must be 
transferred ‘ from researdi to devdopment 
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or the development must be caxried out 
under research supervision. The effective- 
ness of the man may be closely associated 
with the team work which has built up 
between him and his supervisor on the one 
hand and his associates and subordinates 
on the other. In such a case the tendency 
will be to have the devdopment handled 
by research and in effect shift to the ver- 
tical type of organization. If the other 
course is followed and the man transferred 
to devdopment the difficulty of bringing 
him back to laboratory research is increased 
and the primary objective of keeping 
research men at research has been lost. 

The advantage of the horizontal type of 
organization in which a separate division 
is set up to handle customer problems is 
that a buffer is set up to prevent requests 
for trouble shooting from diverting re- 
search men from research. The offsetting 
advantages of the vertical type of setup 
have been pointed out. 

The merit of the vertical systein to my 
mind arises from the underlying and 
inherent continuity between all phases of 
research, the fundamental, the devdop- 
ment, and the solution of customer prob- 
lems. The vertical sjrstem reflects this 
continuity. 

These advantages and disadvantages of 
the two systems must be given different 
weights under different conditions and the 
ultimate choice, as I have previously 
said, will not always be the same. 

Program Planning and Budgeting 

We have now considered the original 
basis for the establishment of a research 
department, the internal structure of the 
research organization and some of' the 
ways in which that structure is^keyed into 
the external rdations of the research de- 
partment. There remains to consider the 
functioning of an organization which has 
been set up along- the general lines de- 
scribed. This can be most conveniently 
approached by assuming that we are 


looking at a research organization that is 
already well established and in full swing. 

It is conventional at regular intervals, 
often annually, to review the research 
program and plan for the ensuing period. 
Let us assume that we are at the time set 
for "such a review. Each section or group 
head will have prepared a report of the 
work completed or abandoned during the 
period and the status of the work still in 
progress. Recommendations for continua- 
tion of existing programs of work and for 
new work will be incorporated in the 
report. The heads of the research depart- 
ment will have digested these section 
reports and considered the recommenda- 
tions. Thereupon, a report for the executive 
' officers will have been prepared by the 
heads of the research. It is well for this 
report to recall briefly the reasons for 
having initiated each broad program of 
work discussed and to reassess its potential 
value in the light of what has been found 
and of possible changes in external factors. 

With this statement of the current 
status as a starting point, the future pro- 
gram can be projected. No live company 
will lack ideas for new work. These will 
stem from other departments as well as 
research and the problem will invariably 
be one of selecting from an overabundance 
of problems those which should constitute 
the immediate program. The research 
management will prepare its recommenda- 
tions as to continuation, expansion or con- 
traction of work on existing projects and 
on the initiation of such new work as can 
be effectively handled by the available 
personnel. 

This program will then be reviewed by 
the executive officers of the company. Con- 
siderations of broad company interests 
which they bring forward wiU guide pos- 
sible revisions in the proposed program 
and the substitution of work which had 
been set aside for future consideration for 
certain problems constituting part of the 
originally proposed program. 
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The extent to which the executive officers 
will go into detail in the consideration of 
the research program will vary with the 
character of the work. The more directly a 
program aims at a specific objective such 
as a change in an existing process or prod- 
uct, the more need there will be for its 
consideration by the general management 
in the light of factors of the general com- 
pany position in respect to raw materials, 
markets, probable capital requirements, 
etc. On the other hand, except for setting 
up some boundaries to the company's 
sphere of interests, ^e executive officers 
must rely on the research management 
and the latter must assume the respon- 
sibility for programs of fundamental 
research into new fields. 

The financial planning or budgeting 
then becomes relatively simple since a 
fairly constant ratio between technical 
payroll end total expense will be found to 
exist for any general t3q)e of work and, 
except for estimating the cost of pilot- 
plant installations which are highly variable 
and are usually considered apart from the 
general budget, the cost of a fair sized 
research operation can be very accurately 
predicted. Certain programs will overrun 
and others underrun, but if the depart- 
ment is large enough, these will average 
out. 

You will note my assumption that in this 
g 6 ing organization we are contemplating 
neither expansion nor contraction of per- 
sonnel and therefore no major change in 
total budget. This will not always be true 
and we should therefore consider the 
control of the total research expenditure a 
little further. 

The primary research asset of the com- 
pany is a trained and orgatiized stafi. This 
asset cannot be very rapidly expanded 
with efficiency nor , temporarily curtailed 
without perm,anent loss. The prudent 
management of the investment in a well 
selected, trained, and organized research 
staff will therefore dictate that its expan- 


sion or contraction be on the basis of long 
term trends and not on short term swings. 
It is inevitable that the research depart- 
ment share the effects of depressions or 
other major vicissitudes. If, however, dur- 
ing prosperous times a permissible tem- 
porary expansion of the research budget 
has been used to improve physical equip- 
ment and to accelerate the more expensive 
pilot and semicommercial-scale work, then 
during periods of stringency the necessary 
curtailment can be made with the mini- 
mum effect on the staff of investigators 
whose loss would mean the loss of expen- 
sive and valuable training and experience. 
The ratio of other expenses to technical 
payroll which is necessary for most efficient 
employment of the investigators will be 
reduced but this is a temporary loss which, 
if not too prolonged, will have no serious 
permanent effect. 

The point which I hope I have made 
dear is that the dedsion as to the size of 
the total research budget should be based 
on long term trends and should precede 
consideration of the specific work to be 
pursued. 

In discussing at such length the review 
of the program at the beginning of the 
budget period, there is, of course, no 
intent to imply that the research program 
- is given consideration only then. The pur- 
pose is rather to emphasize that in spite 
of the continuous reviewing and adjusting 
of individual parts of the research program 
through the constant contact of the re- 
search management with the other depart- 
ments and officers, a comprehensive 
periodical review of the program as a whole 
is beneficial. (See Fig. 2.) 

Both in the we^-to-week and in the less 
frequent periodic^ reviews of research pro- 
grams, we must constantly guard between 
two dangers. The one is that the persistence 
which is essential to success may lead us 
to continue an investigation after good 
judgment dictates it^ abandonment. An 
analogous error is to continue unimportant 
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secondary investigations after the need for 
them or any likelihood of their proving 
valuable in their own right has disappeared. 
This is usually done on the tenuous plea 

I, — Financial Control 
First Step 

Determination of permissible budget 
total by Executive Heads of Company. 
Second Step 

Translation of total dollars to man- 
power tbat can be maintained with 
proper margin of safety for contingencies. 

11. — Research Program Planning 
First Step 

Review of existing projects. 

Second Step 

Compilation of new proposals from all 
sources within and without Research. 
Third Step 

Consultation by Research Adminis- 
tration with executives and other de- 
partments to help form basis for (4) 
and (s). 

Fourth Step 

Selection of projects for abandonment, 
curtailment or early conclusion. 

Fifth Step 

Selection of most important new 
projects which can be carried out with 
available manpower. 

III. — Frequent Review of Research Program by 

Research Staff 
First Step 

Through continuous supervision. 
Second Step 

Through regular reporting of all 
projects. ^ 

IV, — Continuous Contact Between Research and 

Other Departments 
First Step 

To transmit useful findings to other 
departments. 

Second Step 

To secure facts needed to guide useful 
application of findings 
Fig. 2. — Steps in research control. 

that to drop the job leaves a loose end. A 
brief report will serve to tie a knot in the 
loose end. 1 am not ignoring the fact that 
valuable discoveries sometimes result from 
work along the most unpromising lines, 
but the number of fields in which we can 
work is almost infinite and we must try to 


spend our money where there is some right 
to hope for a worth while return. 

The second danger is the opposite of the 
first and more serious. Distant pastures 
look greenest in research ^uite as much as 
in any other pursuit. Most new ideas follow 
a rather stereotyped progression. The first 
stage is the vision of a new thing serving a 
new purpose and the first quick mental 
appraisal is apt to set the value in the 
millions. This is the stage at which pro- 
moters pick ideas and take them to market. 
No promoter ever peddled an idea worth 
less than a million and promoters don’t 
usually get hold of ideas after they have 
actually been found to be worth millions. 
We may safely conclude therefore that 
they pick these frail blossoms in the early 
morning before the sun has struck them. 

The second stage is to put the idea 
through some very rudimentary tests, 
not in the laboratory but in the library and 
across the conference table. One of the 
great merits of organization in research is 
this opportunity for early appraisal of new 
ideas by alert imaginative men of varying 
training and viewpoint. This accomplishes 
two equally important things. It fre- 
quently brings to light fatal fundamental 
flaws in the idea and thereby avoids the 
waste of attempting to develop it. This is, a 
negative virtue but this free-for-all criticism 
just as frequently has the constructive 
effect of bringing out other supplementary 
or independent ideas, of suggesting addi- 
tional possible applications of the idea, 
and of suggesting means of overcoming 
immediately apparent difficulties. Often 
the originator of the idea would arrive at 
these solutions slowly, if at all, because of 
some limitation in his training or esqperience. 

A few ideas survive the conference and 
are passed on to the laboratory with great 
optimism. We all tend to wait with bated 
breath for a successful result. After all, 
sometimes we do hit a bonanza that can 
be very quickly recognized. But more often 
we find it better to go right on breathing; 
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in fact, we would do well to take a deep 
breath and reach down for some real 
money with which to embark on a long 
development. At this point we must con- 
sider carefully whether the odds warrant 
starting on a thoroughgoing investigation; 
if so, and we have the men available, we 
settle down to a long hard grind, punc- 
tuated usually by many more discourage- 
ments than favorable results. Outside 
interest drops from fever heat to normal 
and time passes. And then some bright 
morning, another new idea is bom. It 
passes the first tests and is ready for the 
laboratory, but every one is busy. Interest 
on the new idea is at fever heat. What can 
we stop work on to make room for it? 

So here we are face to face with the 
second danger, the danger that we will 
drop the first idea because we have found 
out just what the problems are whidi must 
be solved and just how long it may take to 
finish the job. The stake may still appear 
just as large and the odds of succee^ng 
may be good, but we are attracted by the 
glamour of the new idea and tempted to 
abandon the old. No suitable men can be 
freed and we are not in a position to expand 
our organization. Perhaps this is the com- 
monest and most difficult dilemma in 
whidi the reseaidi management finds itself, 
and while the proper course to follow is 
evident it is nonethdess hard. First, we 
will make sure that we have, in fact, 
stopped those projects whidi should be 
stopped according to the prindple sug- 
gested a few minutes ago. If we have not 
already done this, it may be possible in 
this way to secure the needed peisonnd. If 
we fail in this, we must accept the hard 
fact that eadi of the projects under way 
was justified in its inception and that the 
justification persists after some period of 
work. This work has probably brought to 
light at least part of the difficulties not 
originally apparent and hence the appraisal 
of these old projects is more rdiable than 
the appraisal of the new idea. Finally, we 


must recognize that we have made an 
investment in each of the old projects 
which will be lost, certainly in part, 
probably completely, if the work is 
stopped. Even a temporary interruption of 
an investigation is costly. The enthusiasm 
of the investigator suffers, trained non- 
technical personnel may be dispersed to 
other jobs, and the whole momentum of the 
work is lost. We all of us need as a wall 
motto a reminder that starting new proj- 
ects is excitingly pleasant but that only 
finishing old ones pays dividends. 

Reports 

I am approaching the end of my talk 
without having touched on a most impor- 
tant point; namely, the reporting of re- 
search work. The product of research is an 
intangible thing, knowledge. It can be 
delivered by word of mouth, and is and 
must be, to a large extent, so transmitted. 
The ability to talk clearly and concisely is, 
therefore, a prime asset in a research man. 
But civilization has long ceased to rdy on 
oral reporting and the ability to write a 
good report is an essential qualification of 
a good researdi investigator. I think per- 
haps we blame our educational system too 
largdy for the deficiencies of our tech- 
nically educated men as writers. While a 
certain technique of rhetoric and com- 
position is necessary, dear thinking is the 
foundation of good writing. Formal educa- 
tion is a more rdiable means of achieving 
the technique than the foundation. 

When a good, dear thinking investigator 
doesn’t write a good rqport, it is probably 
due to a lack of desire rather than a lack of 
ability, and the man must be educated to 
realize the vital necessity of promptly 
presenting wdl-written reports. The steps 
in this educational process are first to make 
him realize that he has failed to take his 
product to market if he doesn’t write a 
rq)ort; second, that it won’t sdl unless it is 
wdl presented. He must be made further 
to realize that the men whom he wants to 
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have read and understand what he has 
done have a very slight knowledge or poor 
recollection of why the job was ever 
started and what it’s all about, and their 

Abstract 

A concise statement of the purpose and scope 
of the investigation and of the conclusions 
reached and recommendations for action or 
further work. 

Report Proper 

Title Page 

Showing names of investigators, dates 
between which work was carried out and 
numbers of original notebooks. 

Introduction 

A full clear statement of the origin, pur- 
pose and scope of the work. 

Summary 

A concise factual statement of the results. 
Conclusions 

A clear statement of the author's conclu- 
sions from the data. 

Experimental Work 

A concise description of methods and 
apparatus used or reference to previous 
description. 

Sufficient data to support the conclusions, 
including, of course, any significant results 
contradictory to the conclusions. 

Appendix 

Further data of sufficient importance to 
make reference to the original notebooks 
inadequate. 

Fig. 3. — Form tor reports. 

memory must be courteously refreshed. 
He must not forget that if he thoroughly 
understands his subject he can make the 
essentials of his story, no matter how 
technical it may be, clear to any other 
intelligent person, no matter how non- 
technical the latter may be. And above aU, 
he must, with all due modesty, want to 
make the people who should be interested 
understand his story. 

A system must be set up to insure that 
reports are written and they must be 


reviewed to insure that the research depart- 
ment is willing to have them issued as its 
product, but the best way to make the 
system work will be to educate the investi- 
gators to want to write good reports. 

For the convenience of the reader, a 
uniform arrangement should be adopted 
for all reports. Fig. 3 outlines a form which 
has worked out satisfactorily in more than 
one laboratory. It should hardly be neces- 
sary to say that every report should be 
accompanied by a short clear abstract. It 
may prove convenient to have only the 
abstracts regularly circulated to those who 
may be interested, with the full report 
available on request, through the company 
library. 

Conclusion 

I have discussed organization, and have 
tried to point out some of the factors 
which seem vital in the primary conception 
of the function of research, in the internal 
structure of the research department, in 
the control of research, and in the reporting 
of research. I have tried to emphasize that 
there is no one best and unchangeable 
pattern for organizing a research depart- 
ment. Organizations are structures built 
of individuals and an organization chart is 
only the post factum blueprint of a struc- 
ture built on the job from the best material 
which we can secure. If the material is 
good and the structure soundly put to- 
gether, we can leave the organization chart 
to take care of itself. 

It is my hope that this attempt to 
analyze some of the stresses and strains 
in research structures will be of some use 
to those of you who may have the problem 
of building a research organization from 
your own materials to serve your own 
purposes. 
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Most metallurgists are well acquainted 
with the contributions already made to the 
study of metals by the use of X-rays. On 
the one hand, the radiographic method is 
constantly becoming of increasing impor- 
tance as a nondestructive testing procedure, 
while on the other hand the techniques of 
X-ray diffraction have made important 
contributions to the fundamental knowl- 
edge in studies of phase diagrams, stress 
conditions, and so forth. A new, and as yet 
insufficiently appreciated, tool exists in the 
application of microradiography to alloy 
structures. 

This new procedure in many respects 
bears the same relation to microscopic in- 
vestigations as does macroradiography to 
the gross inspection of metal surfaces. How- 
ever, where macroradiography is used ordi- 
narily to determine the soundness of the 
metal structure, this new method can be 
used not only to investigate micro-un- 
soundness but also to examine the distribu- 
tion of the constituent elements within the 
body of the alloy. When combined with the 
normal procedures of microscopy, this 
offers a technique of great potential power. 
It is intended in this paper to present a few 
examples of copper-base alloys demonstrat- 
ing the additional knowledge obtained from 
the microradiographic method. 

The detection of micro-unsoundness is 
demonstrated in Fig. i for a sample of 
cartridge brass as cast. The sample ap- 
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peared quite sound when viewed under 
the microscope, but in reality was thickly 
populated with minute voids. This applica- 
tion of the method conforms in every way 
to conventional large-scale radiography 
and has been used to facilitate production 
of metal for vacuum devices.^ 

The true potentialities of the technique 
are revealed by comparison of Figs. 2a and 
25 , which are respectively a photomicro- 
graph and a microradiograph of a cast 
alloy of 80 per cent Cu, 10 per cent Sn, 10 
per cent Pb. The remarkable difference in 
appearance provides some concept of the 
additional information this method may 
3deld when used as an auxiliary to micro- 
scopic studies. Fig. 2a shows two phases of 
the copper-tin system plus segregated 
lumps of lead. Fig. 26, on the other hand, 
shows with exceptional clarity the actual 
dendritic growth of the metal crystals dur- 
ing solidification. 

The practice of microradiography de- 
pends upon the laws of absorption of 
X-rays, This subject has been reviewed 
thoroughly in recent papers,^*®*® but for 
clarity a brief resume will be given here. 
As is well known, when a beam of X-rays 
is transmitted through a layer of homo- 
geneous material, the intensity is reduced 
according to the relation: 

where Ji is the transmitted intensity, 

I c is the incident intensity, 

/xi is the linear absorption coefficient 
of the material, 

h is the thickness of the material. 
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When the layer of material contains an 
inhomogeneity of thickness h and absorp- 
tion coefficient /i2, the transmitted beams 
through the homogeneous matrix and 



Fig. I. — Souiro cabteidge bbass showing 

MINUTE VOIDS. 

Mo radiation, 42 kv. X loo. 

Original magnifications given: reduced ap- 
proximately one third in reproduction. 


through the region of the inhomogeneity 
are related by the eapression: 




where {p.\ — /xa) is the difference in linear 
absorption coefficients for the matrix and 
the inclusion. Tables of absorption coeffi- 
cients of the elements are given in most 
standard references on X-ra37s. 

In most metallurgical problems it is 
necessary to know the absorption coeffi- 
cient for a solid solution of two or more 
elements or for some other alloy phase. 
For a given phase of density d consisting of 
two elements of amounts by weight X and 
F and mass absorption coefficients pa and 
pv, the linear absorption coefficient is 
calculated from the relation: 




d 


(X pa + Ypy) 

X+Y 


The contrast with which such inhomo- 
geneities becomes visible is dependent only 
on the value of (pi — P2) and of the thick- 
ness h of the inhomogeneity. The mass ab- 
sorption coefficient p varies with increasing 
wave length according to an approximately 
linear relationship on a log-log plot except 
at the absorption levels as shown in Fig. 3. 
From these curves it can be seen that the 
absolute difference between the absorp- 
tion coefficients for two materials is, in 
general, greater for X-rays of longer wave 
length. As a result, the earlier work on 
microradiography was done with long 
wave-length X-rays, using extremely thin 
samples enclosed in special vacuum equip- 
ment. This was a serious deterrent to its 
application to most metallurgical problems. 

The credit for devising a practicable and 
relatively simple technique belongs to 
Clark^'® and his collaborators, who showed 
that the use of characteristic X-radiations 
of intermediate wave length could yield 
high sensitivity with greatly reduced ex- 
posure time. As shown in Figs. 3 and 4, at 
a wave length corresponding to the K ab- 
sorption level for one of the elements, a 
sudden jump occurs in the value of the 
absorption differential (p2 — Pi). For the 
Cu-Fe absorption differential described 
in Fig. 4, the value of (p2 - pi) is at first 
negative with steadily decreasing absolute 
value as the wave length is decreased. At 
the K absorption level for Fe (1.739 A.) an 
abrupt and discontinuous change occurs 
and (p2 — pi) assumes a high positive value. 
The quantity remains positive but de- 
creases in magnitude until a second abrupt 
change occurs at the K absorption level 
for Cu (1.377 A.). For all points below this 
wave length the value is again negative 
with a magnitude that steadily decreases 
with decreasing wave length. The absolute 
magnitude of the absorption differential is 
greater in the band from 1.377 to 1.739 A. 
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than it is at even the longest usable wave It was demonstrated by one of the 
lengths (Fig. 4). This allows increased present authors,® however, that the use'*'of 
sensitivity and contrast in the radiograph, such characteristic radiations must be 



Fig. 2. — Alloy I: 80 per cent copper, 10 per cent tin, 10 per cent lead. 
a. Photomicrograph. X 75. 

h. Radiograph: Co radiation, 30 kv. X 100. Copper rich regions are dark; tin -rich regions and 
lead are Kght. 

Original magnifications given; reduced approximately one third in reproduction. 



As was shown by Clark and Shafer,* the 
segregated Cu compound in an Al-Cu alloy 
actually gave better contrast with Mo 
radiation than was obtainable from radi- 
ation of somewhat longer wave length. 


accompanied by considerable discretion in 
regard to the voltage applied to the X-ray 
tube. As will be eaiplained later, the con- 
trast obtainable can be seriously decreased 
by a poor choice of operating potential. 
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Fig. 4.— Linear absorption dipperential between iron and copper as eunction op wave 

LENGTH CORRELATED WITH X-RAY EMISSION CURVES POR MOLYBDENUM. AT 40 HV., COPPER AT 
30 KV, AND COBALT AT 25 EV. 

(Note that the strong CoKa line falls to the right of the sensitive region, but the weak CoKjS 
falls within the sensitive region. This must be considered in the analysis. See discussion of Fig. lo 
and Addendum concerning Figs. 15 and 22, page 58.) 
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In the curves for absorption differential 
0x2 — Ml) discussed here and later, a nega- 
tive value implies that the second constit- 
uent is less absorbing than the copper-rich 
matrix and therefore details of the second 
constituent should appear dark on a lighter 
background in the matrix. The contrast 
will depend on the magnitude of (jjl2 — Mi) 
and on the size of the second constituent. 
For a given size of inclusion and negative 
values of Qxi — mi) the greatest contrast 
would be produced by a void or air pocket. 
For positive values of (jjl2 — Mi) the second 
constituent should appear light against a 
darker background. For such cases the con- 
trast can become very high. 

As shown in Fig. 4, the emission from an 
X-ray tube consists not only of the mono- 
chromatic characteristic radiation but also 
of a white’* or ^'continuous** background 
containing many wave lengths. The in- 
tensity curve for this continuous radiation 
is analogous to the black-body curve for 
radiation from a hot body and both the 
intensity and limiting wave length depend 
upon the applied voltage. Superimposed on 
this continuous radiation is the high-in- 
tensity characteristic radiation that can be 
considered as essentially a single wave 
length. Thus, to obtain a true picture of 
the absorption of an X-ray beam in a 
material, it is necessary to consider ab- 
sorption of all wave lengths in the white 
radiation as well as that of the characteris- 
tic wave length. 

A similar consideration shows that in 
studying inhomogeneities it is necessary 
to evaluate the absorption differential 
(M2 — Ml) oiily for the characteristic 
radiation but also for the various wave 
lengths contained in the white radiation. 
The photographic contrast is then de- 
pendent not on (/2//1) for the char- 
acteristic rays, but on Ili/fh where the 
integration is made over all wave lengths 
contained in the X-ray beam.® 

The intensity of emission from an X-ray 
tube, including that of the characteristic 


rays, increases with increasing voltage and 
at the same time the limiting wave length 
of the background shifts to lower values. 
A correlation of the variation of absorption 
with wave length (Fig. 3) with the emission 
curves (Fig. 4) shows that the higher the 
voltage, the more penetrating, and there- 
fore the more important, becomes the 
radiation in the vicinity of the background 
peak. Suppose that in the incident beam 
the background peak has appreciable in- 
tensity and the absorption differential in 
the material is low as compared with the 
respective values for the characteristic 
radiation. As a result, the transmitted in- 
tensity of the background peak becomes 
comparable to that of the characteristic 
radiation and the photographic contrast 
obtainable from the characteristic ray^ 
alone is greatly reduced by the presence of 
the background peak. Thus, it is evident 
that the voltage as weU as the target ele- 
ment must be considered in obtaining maxi- 
mum contrast without excessive exposure 
time. 

Emission curves at suitable voltages are 
shown in Fig. 4 for Mo, Cu and Co targets. 
Comparison with the absorption differen- 
tial curves for Cu-Fe alloys shows that high 
contrast is produced by Cu radiation at the 
appropriate voltage, since most of the 
emitted intensity falls in a region of high 
values for (m 2 — Mi)- For the Mo and Co 
targets, on the other hand, the characteris- 
tic radiation is in a region of low negative 
absorption differential and by itself would 
produce negligible contrast. At an unsuit- 
able voltage, however, some of the back- 
ground peak might lie in a region of 
appreciable absorption differential and 
result in a slight but visible contrast. 

Experimental Procedure 

The general experimental procedure used 
has been outlined previously in some detail 
by Clark^'* and by one of the present 
authors.® For coherence, however, a brief 
outline will be given here. Three X-ray 
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tubes were available in this laboratory amination and scribing of a suitable region, 

with Co, Cu and Mo targets. These were they were mounted in Incite moldings with 

operated on self-rectified voltage. The the unprepared surface facing outward; 

linear absorption coefficients for the three then in a lathe this second surface was 



ATOMIC NUMBER 

Fig. 5.— -Linear absorption coEPriciENTS op characteristic radiations op cobalt, copper 

AND MOLYBDENUM XN VARIOUS ELEMENTS. 

characteristic radiations in a large number turned down parallel to the polished face 

of elements are shown in Fig. 5. From the until the sample reached a gauge of about 

values in this figure, absorption differen- 0.010 in. From this thickness it was hand 

tials between any two elements can be polished on emery paper of varying grades 

evaluated, and in this way it can be deter- until approximately the desired gauge was 

mined which X-ray tube will give the reached (0.005 in. or less) or until the speci- 

greatest contrast for the alloy under men began to loosen in the Incite mounting, 

investigation. The choice of voltage is If the latter occurred, the specimen was 

dictated by an examination of the ab- removed from the molding, remounted on 

sorption differential curves and of the a rubber stopper^ with Cenco label varnish 

X-ray emission curves in Fig. 4. and the reduction in gauge continued as 

Specimens were prepared by a procedure before. The surface was finally finished off 
available in most metallographic labora- on French papers to the % grade, using 
tories and previously described in some an oil film for the final stages. The entire 
detail. Briefly, flat samples of essentially procedure required about the same time of 
uniform gauge were polished on one surface preparation as for a good metallographic 
for metallographic examination. After ex- specimen. 
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The foil-like specimen, after removal 
from its mounting, was placed behind a 
hole in a brass plate, in which posi- 
tion the selected region was radiographed. 


rated from the metal specimen only by an 
intervening single layer of black paper. 
Details of development have been given 
elsewhere. The radiographs were enlarged 



Fig. 6. — Microscope arranged por enlarging radiographs. 


by the use of a metallographic microscope 
with transmitted light by placing the 
radiographic plate on the stage of the 
microscope and using a 45° mirror to direct 
the rays from the light source through the 
emulsion of the radiograph. 

Fig. 6 shows the assembly for this pro- 
cedure, in which the microscope objective 
and the small e^osed drdes on the radio- 
graph can be seen faintly reflected in the 
45° mirror. A magnification of 100 diame- 
ters was found most suitable for the greater 
part of the work, although higher magni- 
fications may be used, up to about 300 
diameters. 

A large number of copper alloys have 
been investigated by this procedure. Some 
of the more interesting and illustrative 


Eastman type 548-0 spectrographic plates 
(high resolution, 500 lines per mm.) were 
used throughout, with the emulsion sepa- 


Table I. — Approximate Compositions of 
Alloys 


Alloy 

No. 

Cu 

Zn 

Sn 

Pb 

Pe 

Miscellaneous 

I 

80 


10 

10 



II 

62 

35 

3 




III 

66.5 

27.9 

3.9 

1.7 



IV 

61.7 

37.7 



0.59 

Mn 0.003 

V 

59 

38 

0.95 


1.9 

Si 0.035 

VI 

64.3 

33-4 

0 4 


0 Q 

Mn o.i, A 1 1. 

VII 

60.6 

37.8 

0 8 


0 8 

Mn o.oi 

VIII 

67.3 

18.8 



3 5 

Mn 4.7, A 1 6.7 

IX 

62 

34.8 


3.3 



X 

95.6 

I 


0 4 


Si 3 

XI 

99.5 





Te o.s 

xri 

88.5 

9 7 




Te 0.5, Ni i.i. 







P 0.33 

xni 

88.5 

9 7 




Te o.s. Ni i.i. 







P 0.23 

XIV 

70 

30 



? 


XV 

90 

10, 



? 

Mn. ? 
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results are shown and discussed in the fol- 
lowing pages, in order to indicate the scope 
of the technique. Some of the examples 
studied were taken from defective material 


Approximate compositions are given in 
Table i for the various alloys investigated. 
Table 2 presents values for phase composi- 
tion, density and absorption differential 


Table 2. — Approximate Compositions and Absorption Differentials for Phases Discussed 

m the Text^ 





Major Phase 


Minor Phase 




Fig. 

N 5 . 









Alloy 

iCaoia- 

tion 

Composition 

Sp. 

Gr. 

Ml 

Composition 

Sp. 

Gr. 

Mt 

Mi - Ml 

1 

2b 

Co 

97 Cu. 3 Sn 

8 9 

785 

76 Cu, 34 Sn 

9 

r.372 

587 

2 

Sb 

Co 

63.2 Cu, 3S.S Zn, 1.3 Sn 

8 5 

735 

61.5, 34*5 Zn, 4 Sn 

8.5 

801 

76 


8c 

Mo 



439 

65 Cu, 29 Zn, 6 Sn 


439 

0 

3 

9 b 

Cu 

70.7 Cu, 29 Zn, 0 3 Sn 

8.S 

474 

8 S 

576 

103 


gc 

Mo 



443 

99.4 Fe, 0.6 Mn 

90 Fe, 10 Mn 


433 

- 9 

4 

lOb 

Cu 

62 Cu, 38 Zn 

8 4 

473 

7 . 8 s 

2,471 

1.999 






7.8s 

2,451 

3,068 


lod 

Co 



693 

99.4 Fe, 0.6 Mn 

90 F^ 10 Mn 

99.4 Fe, 0.6 Mn 

90 Fe, 10 Mn 

100 Fe 

7.85 

473 

— 319 







7 8s 

7 SI 

59 


10c 

Mo 



443 

7 . 85 

300 

-142 






7 8S 

264 

-178 

5 

11b 

Cu 

60 Cu, 39 Zn, I Sn 

8 4 

490 

7.8s 

2,472 

1,982 





66 Fe, 34 Si 

6 I 

1,388 

898 


lid 

Co 



719 

100 Fe 

7.8s 

455 

— 264 







66 Fe, 34 Si 

6 I 

415 

-304 
— 408 


11c 

Mo 



708 

100 Fe 

7.85 

300 







66 Fe, 34 Si 

6.1 

167 

Tig 

6 

12b 

Cu 

6$ Cu, 33.5 Zn, 0.5 Sn, 

8.5 

484 

100 Fe 

7.8s 

3,473 




I A 1 



90 Fe, 10 Mn 

^7.8 

3.234 

1,750 

7 

13b 

Cu 

61 Cu, 38 Zn, I Sn 

8.4 

490 

100 Fe 

7.8s 

3.473 

1.983 




73 Cu, 20 Zn, 7 A 1 



99 Fe, I Mn 

7.8s 

3,471 

1,981 

8 

iSb 

Cu 

'^7.7 

431 

6s Mn, 35 Fe 

^ 7.5 

2,226 

1,805 


ISC 

Co 



957 



2,273 

266 

i, 3 i 6 


xSd 

Mo 



372 



— 106 

9 

i6b 

Cu 

64 Cu, 36 Zn 

8.5 

477 

100 Pb 

II. 4 

2,623 

2,14s 

10 

17 ^ 

Cu 

99 Cu, I Zn, ? Si 

8.9 

? Pb, ? Si 

IX 

iSb ) 
X 8 £ t 

Cu 

roo Cu 

8.9 

481 

SO Cu, so Te 


987 

506 

12, 13 

19^1 

Cu 

90 Cu, 10 Zn 

8.8 

480 

SO Cu, so Te 


987 

507 


20b ) 




26 P, 74 Ni 

6 

319 

— 161 


19c 

Mo 



446 

SO Cu, so Te 

rw 6 & 

259 

-187 







26 P, 74 Ni 

6 

226 

— 221 

14 

2ia 

21& 

Cu 

Co 

70 Cu, 30 Zn 

8. 

474 

694 

100 Fe 

7.85 

2,473 

455 

1.998 

-339 

IS 

22a 

Cu 

90 Cu, 10 Zn 

8 8 

? Fe, ? Mn 


22b 

Co 







22c 

Mo 









> The phase compositions indicated are approximations and are complete only to the extent required bv the 
argument. In some cases, such as alloy i, the extremes of the freezing ranm were necessary and have been given; 
in others, such as alloy 1:4. only an average composition for the matrix is listed, since venations in absorption in 
the brass were small compared with the difference between matrix and inclusions. In alloy 8 all the Mn was 
assumed concentrated in the segregated particles, though this was not necessary to explain the effect. ViHiere 
definite compounds were assumed others might be equ^y valid; e.g., NiaP, NiiP or Ni«P* rather than NiiPs. 
The general argument would not have been changed by such alterations. 

^ Estimated from ionic radii. 


and should not be considered as character- 
istic of a commercial product. 

The photomicrographs and microradio- 
graphs displayed are not always at the 
same magnification, but were taken in the 
same general region and are similarly 
orientated with respect to metal flow and 
other conditions. In some cases a scribed 
reference circle may be seen. 


where the alloy structures were readily 
deduced from the literature. In other cases, 
the values offered are for the individual 
elements concerned. 

Discussion or Results 

The aUo3rs investigated fall into several 
general classifications and shall be so dis- 
cussed here. 
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Tin m Copper Alloys 

The absorption differential curves are 
shown in Fig. 7 for Cu vs. Sn as well as for 
the actual limiting compositions of the 
several alloys. These curves have the same 
general shape but differ somewhat in 
height; thus the conditions for maximum 
contrast are identical, but the contrast ob- 
tained will diminish with decreasing Sn 
content. The radiation from either Cu at 
50 kv. or Co at 25 kv. gives excellent con- 
trast, whereas the contrast with a Mo tar- 
get at 42 kv. will be very small. 

In alloy I (80 Cu, 10 Sn, 10 Pb, as cast) 
already mentioned, solidification occurred 
in a composition range from 97 per cent 
Cu, 3 per cent Sn to 76 per cent Cu, 24 per 
cent Sn with the Pb thrown out as segre- 
gated clumps. The absorption differential 
for the limiting compositions of the Cu-Sn 
alloy was 590 for Co K-radiation. During 
solidification the crystals begin to grow 
with spines of the copper-rich limiting 
composition while the final interdendritic 
material (neglecting Pb) contained the 
tin-rich limit of the composition range. 
The high value for the absorption differen- 
tial brings out in Fig. 2h with excellent 
contrast the dendritic growth of the cast 
structure. At room temperature no large 
redistribution of Sn had occurred, but the 
alloy consisted of two phases with a con- 
siderable composition range for each. This 
resulted in a smearing of the detail for 
optical investigations so that the dendrites 
are not clearly indicated in Fig. 2a. 

Alloy 2 was a forged structure in an alloy 
of Cu-Zn-Sn. During solidification only a 
small variation in Cu and Zn occurred® 
while the Sn content varied in the range 
1.3 to 4 per cent. At room temperature the 
forged structure shown in Fig. 8a consisted 
of elongated grains of the alpha phase with 
an intergranular eutectoid of alpha and 
gamma phases. For the limiting composi- 
tions of this structure the absorption differ- 
ential was 76 with Co K-radiation. The 


microradiograph in Fig. 85 shows the tin- 
rich regions as light against the darker cop- 
per-rich material. The appearance of the 
radiograph can be readily rationalized 
with that seen in the photomicrograph. 
The detail is almost obscured in Fig. 8c 
(Mo-K radiation). The value of {^2 — Mi) 
for Mo K-rays was zero, which would not 
provide any contrast. The slight detail 
observable was due entirely to background 
radiation. 

The material of specimen 3 consisted of 
Cu-Zn-Sn-Pb which solidified in the ap- 
proximate composition range® 71 Cu, 29 
Zn, 0.3 Sn to 65 Cu, 29 Zn, 6 Sn with prac- 
tically no change in the Zn content (Pb 
a separate constituent). Fig. 9a shows the 
alloy in a forged condition with grains of 
the alpha phase, intergranular islands of 
alpha-gamma eutectoid, and dark clumps 
which presumably are Pb. The absorption 
differentials are given in Table 2. The 
microradiographs of Figs, gb and c can be 
rationalized to agree with Fig. 9a, but give 
some additional information. The Pb is 
revealed as small white particles (Fig. gc) 
but in addition there are many dark par- 
ticles of the same average size, which indi- 
cate minute voids. Thus many of the dark 
spots identified in Fig, ga as Pb may have 
been voids. The tin-rich phase is light 
against the darker copper-rich phase in 
Fig. gb\ this was much more continuous in 
nature than was indicated in Fig. pa. 

Iron in Copper Alloys 

Studies of Cu alloys containing Fe 
offer a particularly strong illustration 
of the power of the microradiographic 
method. The absorption differential curve 
of Fig. 4 shows a highly sensitive band 
containing the wave length of Cu K-radia- 
tion but not that of Co Ka or Mo K. 
Thus strong contrast should result for 
Fe segregations inspected with Cu K-radia- 
tion, but no detail should be visible with 
either Mo or Co provided the tube voltage 



T 


WAVELENGTH IN A 

Fig. 7, — ^Absorption depferjentials between copper and tin, iron silicide, and between the 
LIMITING compositions OP THE FREEZING RANGES IN ALLOYS 1 AND 2. 
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is chosen so that no interference arises * in the radiograph. The distracting details 
from the background peak. The values of the brass grain structure were eliminated 
of 0*2 — Ml) for both Mo K and Co K and the Fe particles were shown to be 
are negative so that Fe segregations in Cu, considerably elongated. This property 



Fig. io. — Alloy 4 (copper-zinc-iron), 

a. Photomicrograph showing iron-rich particles. X 200. 

b. Radiograph: Cu radiation, 30 kv. X 100. Iron-rich particles are white. 

c. Radiograph: Mo radiation, 42 kv. X 100. Iron-ridi particles slightiy darker than back- 
ground. 

d. Radiograph: Co radiation, 30 kv. X 100. Iron-rich particles slightiy lighter than back- 
ground. . 

Original magnifications given; reduced approximately one third in reproduction. 


if revealed at all, would be dark against a 
lighter background which is the reverse 
of their appearance with Cu radiation. 

Example 4 consisted of Cu-Zn-Fe in 
the hot-forged condition. Comparison of 
Figs. loa and b demonstrates the clarity 
with which the Fe constituent was revealed 


was not strongly emphasized in the 
photomicrograph. The high Fe content 
of the particles was clearly indicated by 
comparison of Figs. 10b and c taken with 
Cu and Mo radiations, respectively. In 
the former the particles were white 
against a dark badkground while in the 
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latter they were very slightly darker than particles with Co radiation might be 
the background. attributed to Mn. As shown in Table 2, 

With Co radiation, particles still were if all existing Mn were dissolved in the 
slightly lighter than the background, Fe particles the value of (/X2 — jUi) would 



Fig. 1 1. —Alloy 5 (coppek-zinc-iron-tin-silicon), 
a. Microradiograph showmg iron-rich particles. X 200. 

h. Radiograph: Cu radiation, 30 kv. X 100. Iron-rich particles are white, voids are black. 

c. Radiograph: Mo radiation, 42 kv. X 100. Black dots may be FeSi. 

d. Radiograph: Co radiation, 30 kv. X ico. Black dots may be FeSi. 

Original magnifications given; reduced approximately one tiird in reproduction. 


which on first consideration would not 
have been expected for pure Fe. The 
chemical analjrsis (Table i) showed the 
presence of a small amount of Mn. As 
will be discussed later, Mn has a high 
positive absorption differential for both 
Cu and Co radiations (Fig. 14) and 
therefore a slight indication of the 


still have been negative for Co Ka radia- 
tion. However, an alloy of 90 per cent 
Fe, 10 per cent Mn would have a positive 
differential for Co Ka radiation and a 
negative differential for Mo radiation. 
It could thus be suggested that the observed 
effect was produced by a highly localized 
distribution of Mn in the Fe particles, 
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which caused the concentration in some 
parts to reach a value as high as 90 per 
cent Fe and 10 per cent Mn. 

Referring to Fig. 4, it will be noted that, 


the composition Cu-Zn-Fe-Sn-Si. Again 
the iron-rich particles were clearly indi- 
cated as light against a dark background 
for Cu radiation, but for either Co or Mo 



Fig. 12— Alloy 6 (corPER-zmc-mj-ALtniiNUM-iRON-MANGANESE). 

a. Photomicrograph showing iron-rich particles. X 400. 

b. Radiograph: Cu radiation, 30 kv. X 100. Iron-rich particles are white. 
Original magnifications given; reduced approximately one third in reproduction. 


whereas the Co KLa radiation falls in a 
region where (/i2 — /ii) is negative for Fe 
inclusions in a copper-base matrix, at 
the same time the Co Xff falls within the 
sensitive region of high positive values for 
(P'2 — Ml)- Thus, although the intensity 
ratio between jS and a lines is only 0,175, 
nevertheless the high absorption differen- 
tial for the jS lines could readily cause the 
effect observed in the radiograph. We 
have already discussed an analogous case 
for one of the Sn alloys, in which case the 
background peak interfered with the 
results in a similar manner. 

From the two examples already en- 
countered, it can be seen that whenever 
paradoxical situations arise, involving 
very low contrast, a careful comparison 
should be made between the absorption 
differential curves and the X-ray emission 
curves before any final conclusions are 
reached. 

A second example of an iron-containing 
alloy was examined in specimen 5 with 


targets were either invisible or dark 
against a lighter background (Fig. iiS, 
c and d). The particles were small and 
equiaxed as compared with the elongated 
particles of the previous example. Although 
the magnification was lower than for 
the photomicrograph (Fig. iia) the par- 
ticles were much more clearly indicated 
than in the latter. The three-dimensional 
nature of the sample is strongly em- 
phasized by the much greater apparent 
density of Fe particles in the micro- 
radiograph than in the photomicrograph. 

In all three radiographs certain dark 
features occurred, but these seemed to 
be more numerous with Co and Mo 
radiations than with Cu. The dongated 
black streaks as well as some rounded 
black markings were visible with all 
three radiations and probably indicated 
voids. The small rounded black markings 
with Mo and Co radiations considerably 
outnumber those visible with Cu and 
many of them can be matched up with the 
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iron-rich particles seen in Fig. iib These 
were probably due to the presence of Si 
in the particles. 

Other evidence has previously suggested 
the formation of an iron silidde when 


being distributed among aU of them as 
the solid solution. This agrees with the 
small number of dark spots in Figs, iic 
and d compared with Fe particles in 
Fig. lift. 



Jj'iG. 13.— Alloy 7 (coppEa-ziNC-TiN-URON). 
a. Photomicrograph showing iron-rich particles. X Apo. 
h. Radiograph; Cu radiation, 30 kv. X 100. Fe particles are white. 


Fe and Si are both present in a brass. 
Fig. 4 shows that Fe has a small negative 
value of — /xi) for both Co and Mo 
radiations, but in other samples in our 
experience pure Fe particles have not 
been clearly visible with either of these 
radiations. Fig. 7 shows that either 
FeSi or FeSij particles would satisfy the 
conditions; viz., a high positive value of 
(mj “ Ml) for Cu radiation, wMch would 
show them with high contrast as white 
on a dark background; negative values 
of the differential for both Co and Mo 
radiations, but with |/i2 — /xil considerably 
greater than for Fe particles so that the 
iron silidde should be visible as dark 
partides on a lighter background. Since 
the Si is present in small quantity, in 
order to satisfy these conditions, it would 
have to be concentrated in a few iron- 
rich partides as the silidde rather than 


Specimens 6 and 7 (Figs. 12 and 13) 
are further examples in which the Fe 
distribution was extremely jfine. Some 
of the details visible in the original enlarge- 
ment negatives at 100 diameters were of the 
order of o.i mm. or less. The actual 
partides were about 10"^ cm. in diameter. 
This was particularly evident in spedmen 
7, where the Fe partides were not dearly 
resolved in the photomicrograph even 
at 400 X magnification. 

For Fe in a Cu matrix the absorption 
differential On* — fii) with Cu K-radiation 
is about 2000. For the brass under investi- 
gation the value would be somewhat less. 
Since equiaxed partides of lo"^ cm. in 
diameter are dearly distinguished, one 
obtains (jn — tii)h — 2000 X 0.0001 = 0.2; 
or /a/Zj ~ « 0.819. 

Thus a 20 per cent difference in trans- 
mitted intensity will readily reveal a 
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difEerence in composition unless sensitivity Manganese in Copper AUoys 

is reduced by interference from the back- A similarity exists between these alloys 
ground radiation. In the present example and those containing Fe. Again the absorp- 

the detection of smaller particles was tion differential curve (Fig. 14) possesses 



WAVELENGTH IN & 


Fig. 14.— Linear absorption depeerentiais between copper and manganese, tellurium, 

NICKEL phosphide AND LEAD. 

Te and NisPj curves superimposed below 1.37 A. 


probably limited by the magnification so a highly sensitive band containing in this 
that for larger inclusions a still smaller case the wave lengths of both Cu K and 
value of J1//1 would be satisfactory. Co K but not that of Mo K. Strong con- 
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trast would result for Mn segregations cipitate, as indicated by the white particles 
inspected with either Cu or Co targets, revealed by Co radiation (Fig. 15c) but 
but no detail would be observed with Mo not by Mo radiation (Fig. 15^/). By corn- 
radiation or with Fe or Cr targets if the parison of Figs. 156 and c, it can be seen 
latter were available. that the contrast was much greater with 



Fig. 15. — ^Alloy 8 (copper-ztnc-aluminum-manganese-iron). 

a. Photomicrograph showing Mn-Fe particles. X 400. 

b. Radiograph: Cu radiation, 30 kv. X 100. Mn-Fe particles are white. 

c. Raiograph: Co radiation, 30 kv. X 100. Mn-rich particles are white. 

d. Radiograph: Mo radiation, 42 kv. X 100. Voids darker than background; no trace of Fe 
or Mn. 

Original magnifications given ; reduced approsdmately one third in reproduction. 

Sample 8 was a manganese bronze, a Cu target than with the Co target 
containing both Mn and Fe, with segre- although the absorption differential curve 
gated particles as shown in Fig. 15a. for Mn vs. Cu has a considerably lower 
Mn in this quantity would be in solid value for Cu rays than for Co. This 
solution in Cu. In the present alloy, indicates that Fe is also present in the 
however, Mn was contained in the pre- segregated particles 
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Lead in Copper Alloys 
The presence of Pb has already been 
indicated for previous examples. The 
absorption differential for Pb vs. Cu is 


low power before etching, this specimen 
seemed to have streaks parallel to the 
working direction. It was found extremely 
diflEicult to etch the specimen without 



Fig. i6. — ^Alloy 9, leaded brass. 
a. Photomicrograph showing Pb distribution. X 150. 

1. Radiograph: Cu radiation, 30 kv. X 100. Pb is white. 

Original magnifications given; reduced approximately one third in reproduction. 


everywhere positive except in a rather 
narrow region of wave lengths just short 
of the Cu K absorption limit (Fig. 14). 
Thus, for almost any target, Pb will be 
shown as white on a dark background. 
Since the value of (/i2 — Ati) is quite high, 
minute particles can be detected. 

A specimen of cold-drawn leaded brass 
was chosen as specimen 9. Figs. i6a and 5 
demonstrate the appearance of Pb in a 
photomicrograph and in a radiograph. 
The shape of the Pb particles indicated 
in the photomicrograph was by no means 
a true picture; instead of the more or less 
rounded appearance shown under the 
microscope, the Pb particles were actually 
greatly elongated in the direction of 
working of the metal. The optical picture 
apparently represented the cut made by the 
plane of polish through various projections 
and irregularities in the Pb stringers. 

An interesting example of a leaded alloy 
was contained in specimen 10, which was a 
leaded silicon bronze. When examined at 


etching out the particles contained in the 
streaks. The particles were suspected of 
containing Pb but the etching properties 
were similar to neither Pb nor the silicon- 
rich particles found in ordinary silicon 
bronze. Under radiographic examination 
these particles showed sharply white with 
all three radiations as indicated in Fig. 17. 
However, the contrast was less strong 
with Mo radiation, which suggested a 
possible compound containing Pb and Si. 
Unfortunatdy, since the absorption dif- 
ferential is negative for Si vs. Cu for aU 
radiations and is positive for Pb vs. Cu 
for most radiations, it was impossible to 
prove definitely whether or not such a 
compound existed. 

Tdlurimn in Copper AUoys 

The alloys of Cu containing Te have 
recently received considerable attention. 
Te vs. Cu has high positive values of the 
absorption differential for both Co and 
Cu radiations and a much smaller negative 
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value for Mo radiation. Te or a copper 
telluride should therefore appear white 
against a dark background with the 
former radiations, but would probably 
not be visible with Mo. 


to the telluride, one may expect to en 
counter a precipitated nickel phosphide 
such as NisP2 or Ni6P2. It would be 
desirable to distinguish between these 
compounds and this is difficult to do by 



Fig, 17.— Alloy 10, leaded silicon bronze. 

Radiograph: Cu radiation, 30 kv. X 100. Lead-rich particles are light against darker back- 
ground. Some particles have lower contrast than expected for Pb (Pb-Si?) 

Original magnifications given; reduced approximately one third in reproduction. 


Specimen ii was a defective sample of 
Cu containing Te. According to the photo- 
micrograph of Fig. i8g, the Te was 
segregated in small rounded particles, 
but the radiograph (Fig. 186) showed 
that the particles actually were elongated 
into broken stringers. Fig. i8c shows the 
same material after an anneal in hydrogen 
at 8is®C. The grain structure seemed to 
have opened up and the Te was now 
concentrated in rounded globules; a change 
that was not evident in microscopic 
inspection. 

A more complex Te alloy containing 
also Ni and P was chosen for example 12. 
Fig. 19a is a photomicrograph of this 
alloy in the extruded condition showing 
elongated inclusions as well as grain- 
boundary films. In this ahoy, in addition 


microscopic methods. As shown in Fig. 14, 
the absorption differential for NisPj vs. Cu 
is always negative except in an extremely 
narrow range between the K absorption 
limits of Ni and Cu. For all other wave 
lengths the phosphide will appear dark 
against a light background and the 
particles wiU be distinguishable from voids 
only by a judgment of the contrast or by 
dose matching with a photomicrograph. 

The only strong radiations with wave 
lengths in the narrow band of positive 
differential are the Zn K, W L, or Os L. 
Unfortunately, as shown in Fig. 14, 
even in this region conditions are not very 
favorable, since the Ni8P2 curve is almost 
superimposed on that of Te for all wave 
lengths below 1.48 A. Granted that the 
curve for a copper tdluride would be 
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somewhat lower than the displayed curve, 
nevertheless the dijfference in contrast 
between telluride and phosphide would 
not be great. 


match between radiographs with Cu 
radiation and either Zn K or W L radia- 
tions as well as with the photomicrograph. 
Such radiations were not at present 



Fig. 20 . — ^AlLOY 13 (cOPPEa-ZmC-NICKEL-TELLURIUM-PHOSPHORUS). 

a. Photomicrograph showing broken stringer of precipitate. X 200, 

b. Radiograph: Cu radiation, 30 kv. X 100. White discontinuous stringers of telluride. 
Original magnifications given; reduced approximately one third in reproduction. 


In Figs, igb and c are shown radiographs 
of this alloy with Cu and Mo radiations 
(the radiographs are out of alignment 
with the photomicrograph by about 45®). 
In Fig. 196 most of the white particles 
(telluride) are shown to vaguely follow 
the grain outlines although some cor- 
respond to the elongated particles of 
Fig. iga. In addition, a number of dark 
features may be observed, also mainly in 
grain boundaries. These might be presumed 
to be the phosphide. 

With Mo radiation, however, both 
telluride and phosphide should appear 
dark on a lighter background and for 
particles of the same size should have 
nearly the same contrast. Fig. 19c for 
the Mo target shows no dark features 
to match the white details (tdluride) on 
Fig. igb. Therefore the dark features 
seen in both of these microradiographs 
were probably voids. 

In order to detect the nickel phosphide, 
it would be necessary to make a close 


available in this laboratory; our facilities 
are being extended at the present time. 

A second sample of this alloy (specimen 
13) was examined after cold-working. 
In the photomicrograph (Fig. 20a) it 
was observed that the elongated inclusions 
were sometimes broken up into discrete 
partides by the cold-work. This was at first 
assumed to be a preferential etching effect. 
However, as shown in the radiograph 
(Fig. 206) this condition was common to 
most of the indusions. Since the majority 
of these were buried beneath the etched 
surface, the condition was thus shown to 
be truly a result of cold-work rather than 
of the etching technique. 

Identification of Unknown 
Constituents 

The properties of the microradiographic 
technique explained and illustrated in the 
preceding sections may on occasion be used 
to identify the composition of unknown 
segregations or indusions. 
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Example 14 was a chill-cast sample of wouldalsoproduce the same effect (Fig. 5). 
70-30 brass containing minute inter- Thus it was suggested that the particles 
dendritic cavities. Figs. 210 and h are were an Fe-Mn alloy, since this would be a 
radiographs with Cu and Co targets, reasonable combination. One of jthe largest 



Fig. 21. — Alloy 14. Radiographs or chill-cast cartridge brass showing pilms of iron-rich 

niPURITIES. 

a, Cu radiation, 30 kv. X 100. Fe is white, voids are black. 
h. Co radiation, 30 kv. X 100. No trace of Fe films. 

Original magnifications given; reduced approximately one third in reproduction. 


respectively. The former revealed films 
of impurities deposited in the cavities 
(white features) but these were not shown 
by Co radiation. From the information 
in Figs. 4, 5 and 14, it can be deduced 
that Fe was contained in the films. 

Example 15 was a sample of 90-10 
brass that had been subjected to a swaging 
operation. Subsequent machining revealed 
a number of isolated groups of inclusions, 
which could be seen under a low-power 
microscope. Figs. 22a, h and c are radio- 
graphs taken with Cu, Co and Mo radia- 
tions. A high positive value of Oxa — mi) 
was found for Cu, a much lower positive 
value for Co and a negative value for Mo 
radiation. Previous discussions of Fe 
inclusions suggest at once that these 
particles contained Fe, but a particle of 
pure Fe would not have a strong positive 
absorption diflcerential for Co radiation. 
However, if some Mn were also present, 
the effect would be exactly that found 
here; elements between Nos. 42 and 60 


particles (about o.i mm. diameter) was 
isolated under a low-power microscope 
and when examined by X-ray diffraction 
gave the characteristic pattern of Fe. 
This corroborated the radiographic results. 
The ambiguity regarding the second 
element could have been removed if 
additional radiations had been available. 
Because of the widely separated condition 
of the inclusions, spectrographic analysis of 
the alloy did not indicate their composition. 

Further information was also deduced 
from the radiograph. If the particles had 
been present previous to the swaging 
operation, the group should be extended 
in the direction of the metal flow. Since 
they were grouped in a rough circle, it 
was suggested that the particles had been 
introduced during or subsequent to the 
swaging procedure. 

Summary and Conclusions 

The microradiographic technique has 
been described and a discussion presented 
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of the basic laws of X-ray absorption 
upon which the method depends. 

A description has been given of the 
use of characteristic radiations of inter- 
mediate wave length and it has been shown 
that high sensitivity can be obtained in 
this manner. 

A number of examples have been dis- 
cussed, which indicate that the micro- 
radiographic method can serve as a 
powerful auxiliary to the metallographic 
microscope. Cases have been cited in 
which the radiograph revealed that the 
true shape of inclusions was different 
from that indicated by photomicrographs. 
NTotable among these examples were the 
cases of Pb in cold-worked brass and Te 
in a cold-worked Cu-Te alloy. The choice 
of target element for maximum sensitivity 
in such cases depended upon the elements 
present in both matrix and inclusions. 

A still more valuable use for the new 
tool lies in the determination of the 
distribution of elements in multiphase 
alloys. Since the phase diagrams for most 
of the examples were well known, it could 
be seen that the distribution of elements 
indicated in the radiograph was well 
substantiated by prior knowledge con- 
cerning the phases. For the explanation of 
these results, a detailed explanation of 
the absorption differential curves was 
necessary. 

From the results described, the step to 
further applications of the method is 
obvious. If a considerable number of 
diff'erent radiations were available it is 
evident that the element distribution in 
complex allo3rs could readily be deter- 
mined. This should be of assistance in the 
study of ternary, quaternary, and even 
more complex alloys. 

In the present investigation only three 
radiations were available, so that the full 
power of the method in this direction could 
not be exploited. However, provision is 
being made for additional radiations and 


it is expected that further interesting 
examples will be presented in the future. 

It must be emphasized that, for full 
value in the detection of the distribution 
of the elements, careful attention must 
be given to the operating voltage as well 
as to the choice of target element. For 
this purpose a study of the absorption 
differential curves is necessary for each 
individual case. 
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ADDENDUM 

It should be noticed in Fig. 4 that the beta 
line for Co falls within the highly sensitive band 
for Fe in Cu alloys. However, the intensity of 
the beta line is only about one fifth that of the 
alpha line. As a result, for small Fe particles 
the disturbing effect of the beta line is not 
serious, and the particles are almost completely 
invisible with Co radiation as indicated in the 
paper. For large Fe particles, however, the 
absorption effect on the beta line is sufficient 
to reveal the particles with appreciable con- 
trast. This effect was neglected m the paper 
in Figs, is-c and 22-i. When these radiographs 
were repeated with Co radiation from which 
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the beta line had been eliminated by filtration, 
the particles of Fig. 15-c showed only faintly, 
indicating a small trace of Mn but not the large 
amount first indicated in the discussion of this 
figure; the inclusions shown in Fig. 22-b 
became slightly darker than the background, 
indicating that the particles were Fe without 
any trace of Mn. 

DISCUSSION 

{Robert Tr tiding presiding) 

T. A. Read,* Philadelphia, Pa. — Dr. Maddi- 
gan, can you assume how much more it would 
be possible to increase the resolution you can 
get by this method? What are the limiting 
factors? 

S. E. Maddigajsj. — In regard to the size of 
particles or contrast? 

T. A. Read. — Size of particles. 

S. E. Maddigan. — think the resolution 
depends entirely on grain size of the radio- 
graphic plates. With the present Eastman 
548-0 spectrographic plates (500 lines per 
millimeter), without using extreme care in the 
processing, 100 diameters is the limit of 
magnification. With extreme care, however, 
and with all conditions favorable, it is possible 
to go as high as 400 diameters. However, the 
emulsion is not completely uniform, so that, 
even with a well standardized procedure, 
many radiographs will not be capable of 
400 diameters magnification. For a great 
many purposes 100 diameters or less is all 
that is required, and with reasonable care this 
magnification can be attained 100 per cent 
of the time. 

F. N. RHiNES,t Pittsburgh, Pa. — I should 
like to ask Doctor Maddigan two questions; 
first, would it be possible to so calibrate the 
method that one might read the compo- 
sition at a specific point within a cored solid 
solution; second, is there any possibility that 
one could distinguish alpha and beta in man- 
ganese bronze in the alpha-beta range? 


* Ordnance Laboratory, Prankford Arsenal, 
t Department of Metalltirgy, Carnegie 
Institute of Technology. 


S. E. Maddigan. — I will answer Dr. Rhines* 
second question first. The question of dis- 
tinguishing between alpha and beta depends, 
of course, on the relative solubility of the 
manganese in the two phases. I believe this 
could be done because, in the present alloy, 
which had not been homogenized to any 
extent, we could faintly distinguish between 
alpha grains themselves due to slight variations 
in the manganese content. This was in pictures 
taken with filtered cobalt radiation, where 
the disturbing effect of the small iron-rich 
particles was minimized. Of course, in the 
pictures where the field is crowded with small 
particles showing with high contrast, it is 
rather hard to distinguish any slight variations 
in the background of the matrix. 

With regard to the final determination of 
composition of the particles, we found that 
using cobalt-filtered radiation the particles 
were still visible, but with only slight contrast. 
In other words, the manganese content of the 
iron-rich particles is slightly greater than 
that of the matrix, but not nearly as high as 
we had at first interpreted it. 

The quantitative determination of composi- 
tion at a specific point in the field would, of 
course, involve densitometer measurements 
and I think this could be carried out in a 
semiquantitative fashion, but without any 
high degree of accuracy. The method is 
extremely sensitive to small variations in 
composition, particularly for elements such 
as tin. In any case, where the sensitivity is 
high because of high values of the absorption 
differential, variations involving only low 
percentages of the minor element could be 
detected with a fair degree of accuracy. 
However, where one encounters large amounts 
of the given element, then one would be work- 
ing with one phase on the upper flat region of 
the photographic exposure curve, where there 
would be little change in contrast for a large 
change in composition. Since one has to work 
with a contrast between the matrix and the 
secondary phase, it is not possible here to 
make a free choice of the region of the photo- 
graphic curve such as may be done in some 
types of intensity work. 

Suppose, for instance, one had a particle 
that was light against a dark background, the 
background being so black as to be on the 
upper flat part of the photographic curve. 
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One could decrease the exposure so as to 
bring the background down onto a more 
sensitive region of the photographic curve, 
but then the particles themselves would be so 
underexposed that again the accuracy would 
be poor. Under certain conditions, however, 
the method could be used successfully, and 
it is possible that by a proper choice of radia- 
tion one could normally cause both phases 
to fall on the sensitive straight-line portion 
of the photographic curve, where intensity 
measurements usually are made. However, I 
do not believe that high precision could 
ever be attained unless it were possible to 
adapt the microradiographic method to the 
use of Geiger counters. 

L. Ferguson,* New York, N. Y . — 1 think 
you said that the specimens used should be as 
thin as possible. I should like to know the 
thickness of the specimens you used for your 
illustrations. I should also like to know whether 
the specimen does not have to be highly 
polished, at least comparable to that done for 
ordinary microscopic examinations. 

Another question also comes to my mind. 
You have two surfaces, a front surface and a 
rear surface. Do these surfaces have to be 
parallel? Some of your illustrations, for 
instance, look as though there is more exposure, 
or more light, in one comer than in another. 
Is that because the specimen was wedge- 
shaped rather than having parallel surfaces? 

S. E. Maddigan. — The thickness of the 
specimens is controlled to some extent by the 
absorption coefficient of the matrix material 
and by the exposure time required. For copper 
alloys, most of our specimens are between 
0.005 and 0.002 in. thick. These thicknesses 
were readily attainable. Because of the time 
requirements, no description of the experi- 
mental conditions was given in the oral 
presentation. However, brief details are given 
in the printed version and also in several of the 
references. The polish needs to be fairly good 
in order to avoid the deleterious effect of 
scratches appearing on the radiograph, but the 
radiographs are not as sensitive to surface 
scratches as a photomicrograph would be at 
the same magnification. 


* Bell Telephone Laboratories. 


In regard to the question of whether the 
surfaces should be parallel, that depends on 
personal preference. We have frequently 
polished our specimens slightly wedge-shaped 
because this allows more latitude in exposure 
time. Thus while one part of our radiograph 
may be slightly off the optimum exposure time, 
another region where the specimen thickness 
is slightly different will be found to have the 
optimum exposure. Thus the number of 
exposures required to produce suitable results 
is reduced. As a matter of fact, some of the 
specimens shown here were made somewhat 
wedge-shaped for that reason. Perhaps these 
do not look so satisfactory when presented to 
an audience, but actually they are better for 
general use. It must be remembered in this 
regard that the useful range of the photo- 
graphic plate is much greater than is that of the 
printing paper. Thus, regions that may appear 
hopelessly blackened in the print actually 
show considerable useful detail in the enlarge- 
ment plate. 

There is no great difficulty in polishing a 
specimen so that it is quite fiat and uniform 
in gauge if that is desired. One must start, of 
course, with a sample that has been cut flat 
and generally uniform in thickness, such as 
can be obtained by using a bandsaw with a 
suitable guide. The important step is to 
have the specimen in its Ludte mounting 
properly aligned in the lathe so that it is 
turned down uniformly to the o.oio-in. stage. 
From this point it is quite easy to maintain 
the uniformity during the hand polishing. 
If one is dealing with a magnetic material 
such as a steel, I understand that the whole 
process down to the hand-polishing stage 
can be done on a magnetic grinder (personal 
communication from Dr. H. T. Clark of 
Jones and Laughlin Steel Corporation). 

Member. — ^With a photomicrograph, do 
you not obtain the same results in regard to 
the determination of shape, inasmuch as 
stringers are normal to the path of the beam 
you are projecting; and you can also see them 
as circular sections? Also, is a stereoscope 
possible for a deep specimen? Will it enable 
you to see in depth, instead of summing up 
the complete thickness of the sample in a 
single plane? 
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S. E. Maddigan. — Clark, of the University 
of Illinois, has published a note regarding 
stereoscopic work, but I do not know what 
results he has had to date. I believe a stereo- 
scope would be just as valuable for this purpose 
as in large-scale radiography. 

In comparing the use of microradiography 
and photomicrography for the determination 
of the true shape of stringers, it is possible, 
of course, to obtain the true shape by the 
latter method, provided that the specimen 
is very carefully cut parallel to the stringer 
axis and at the same time one is fortunate 
enough to cut exactly through one or more of 
the stringers. On the whole, I believe the 
chances of obtaining a true picture are much 
better with the three-dimensional micro- 
radiograph than they are with a two-dimen- 
sional photomicrograph. Suppose, for instance, 
the surface is cut 15° or 20° ofif the stringer 
axis, and for simplicity let us assume that the 
stringers are long, slender cylinders. With the 
radiograph one still sees the full-length 
stringer, but foreshortened somewhat by 
viewing at 70° instead of 90® to the stringer 
axis. The photomicrograph, on the other hand, 


shows only a cut through the cylinder, 
which will result in an elliptical section. 
Where the stringers are quite irregular, as 
in the leaded brass shown in Fig. 16, it can 
be seen that the plane in the photomicrograph 
will in many cases cut projections from the 
main body of the stringer rather than cut the 
main stringer itself, and this may give an 
entirely false impression of the stringer shape. 

B. W. Smith,* New Kensington, Pa. — 
This paper, coming at this time, will prove 
invaluable to others who may find micro- 
radiography useful in supplementing micro- 
scopic examinations. 

In regard to stereoscopic microradiography, 
I might mention that we have had a little 
experience with this in our Laboratories in 
connection with studies on spot welds in 
aluminum alloys. When the pairs of stereo- 
scopic radiographs are viewed by some suitable 
means, a three-dimensional effect is obtained, 
'which appears to give a better impression 
of the shape of constituents or voids than does 
a single microradiograph. 

* Aluminum Research Laboratories. 



Metallography mth the Electron Microscope 

By Charles S. Barrett,* Member A.I.M.E. 

(Chicago Meeting. October 1943) 


This paper is a progress report covering 
metallographic applications of the electron 
microscope that have been made during 
the past year at Carnegie Institute of 
Technology. An account is presented of 
the techniques that have been most satis- 
factory, the difficulties encountered, the 
resolution obtained, and the peculiarities 
that have been noted in the microstruc- 
tures. About 1200 exposures have been 
made during the year on the instrument, 
which is an RCA type B2 transmission 
microscope,^ and a number of these have 
been selected to illustrate the results 
obtained. Prints are also included showing 
the common types of falsities — to borrow 
a term from the biological field, the 
** artifacts.” In brief, the paper is a record 
of our attempt to determine the value of 
the electron microscope in the study of 
the structure of metals and alloys. 

In addition to comments on techniques 
and the quality of photomicrographs 
obtainable with them, the paper discusses 
the nature of the etch attack on a few 
metals, and the possible relation between 
the fine structure revealed by etching and 
the mosaic block structure of the grains. 
Since numerous papers and reviews are 
available on the subject of imperfection 
in crystals, the comments here may be 
very brief; in fact, are restricted almost 
entirely to points having to do with recent 
theories rdating the strength of metals 

Manuscript received at the office of the 
Institute July 6, 1943. Issued as T.P. 1637 in 
Metals Technology, September 1943. 

Member of Staff of the Metals Research 
Laboratory and Associate Professor of Metal- 
lurgy at Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania. 

1 References are at the end of the paper 


to imperfections and to spacings of slip 
lines. 

Specimen Preparation and Photographs 

Mechanical polishing by hand was used 
throughout this work. Precautions that 
must be taken in microscopy at high 
magnification, which have been well 
explained by Vilella in his book on Metal- 
lographic Technique for Steel, are likewise 
important with the electron microscope. 
This applies particularly to the need for 
repeated polishing and etching (each 
successive polish becoming less severe and 
each etch lighter), since the final etch 
should in general be no heavier than is 
used for oil-immersion optical microscopy 
and in many instances should be much 
lighter (compare Figs. 6a and 7a, 6d and 
76). An extremely light etch, of course, 
is incapable of cutting through a fiowed 
layer of appreciable thickness. Unquestion- 
ably it would be very advantageous in each 
instance to compare the structures ob- 
tained by electrolytic polishing with those 
obtained by medianical polishing, but 
difficulties with the electrolytic method 
have prevented this in the following collec- 
tion of prints. The choice of etchant is 
important, of course; for example, picral 
proved superior to nital for tempered 
martensite. 

With the exception of Figs, ib and ic, 
the replicas used were of silica, deposited 
upon polystyrene and floated from the 
polystyrene in ethyl bromide according to 
the method of Heidenreich and Peck.* The 
samples were mounted in Bakelite, polished 
and etched, then the polished Bakelite 
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a 


b 


c 


Fig. I.— Pearlite in quenched eutectoid steel. X 20,000. 

a, Polystyrene-siKca replica. 

b, Formvar repli<^ wet stripping. 

c, Formvar replica, scotch tape stripping separated under xylol. Picral etch. 
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Fig. 2.— Peahuxe in exjtectoid steel. X 20,000. 
boiling sodium picrate for 10 minutes. 

0.5 per cent nitm for i noinute; cementite lamella nearly parallel to surface. 
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surface was given a very slight coat of 
beeswax in ethyl bromide and placed in a 
mounting press under powdered poly- 
styrene. The press was heated to iso®C. 


that a batch of pol5rstyTene that had been 
stored in its cardboard container for a year 
was much more likely to stain than was a 
fresh batch. Staining was avoided by mold- 



fit b 

Fig. 3. — SpHERomizED steel. Piceal etch. X 5000. 

a. 0.60 per cent carbon steel, spheroidized 8 hours at 6 so°C. 

b. Low-alloy steel, quenched from i65o®F., tempered 3 hours at 48o°C., spheroidized 23 hours 
at 775®C. 


before appljdng pressure, then cooled to 
7o®C. while under a constant pressure of 
3000 lb. per sq. in. The Bakelite-poly- 
styrene interface then cleaved apart very 
easily, exposing the molded replica of the 
specimen surface, on which the silica was 
deposited from a tungsten conical filament 
in a small chamber evacuated by an oil 
diffusion pump. The distance from filament 
to specimen was 13 cm. and care was taken 
to avoid overheating the polystyrene sur- 
face; heating times of 30 sec. were normal 
and it was found best to do the entire 
evaporation at one heating. 

Unless the specimen is thoroughly 
washed after etching there is likely to be 
an additional etching or a staining of the 
specimen during the molding operation. 
Fig. 13J illustrates the effect, and Fig. 13d 
may also be related to it. It was also noted 


ing in ludte, but difi&culties were encoun- 
tered in removing the silica replica from 
ludte. “Polystyrene lines,” which charac- 
terize incomplete deavage of the plastic 
from the spedmen, are readily recognized 
(Figs, i2fl and 12b) and these areas may 
be avoided easily in the final photography. 
It was felt that defective cleavages were 
so rare and so easily recognized that it was 
not worth while to resort to the more 
laborious method of etching the sample 
away from the spedmen. 

The wet-stiipping formvar method of 
Schaefer and Harker* is illustrated in 
Fig. ib. Resolution is good with this 
method, but appears to be slightly inferior 
to that obtained with polystyrene-silica 
method. There are also areas laddng in 
detail, where perhaps the formvar did not 
wet the surface. The same is true of the 
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dry-stripping method used for Fig. ic. 
The method illustrated in Fig. ic, developed 
in this laboratory, consisted in stripping 
the formvar replica by means of intimate 
contact with scotch tape, then loosening 
the adhesive and freeing the formvar in 
a bath of xylol. Difficulties were encoun- 


obtained thus far, however, is 40 A., which 
is 100 times better than the optical micro- 
scope. Resolution in metallographic ap- 
plications is limited by the details that can 
be developed by etching and transferred 
to a replica, and the present results indicate 
that two spots 150 A. apart can be definitely 


Table i. — Compositions and Treatments 


Metal 


Analysis, Per Cent 


Treatment 


High-speed steel 

Copper 

Monel metal. . . . . . 

Tempered martensite 

Spheroidized low-alloy sted. . 
Spheroidized carbon steel. . . . 


C 0.70, Mn 0.34, Si 0.29, 
S 0.009, P 0.017, W 17-8, 
^Cr ^0^, V 1.04, Ni 0.078 

Ni 66, Cu 39, Fe I, A1 3.75 


Ni 3-5, C 0.3s, Cr r.s 


Ni 3-5. C 0.3s, Cr I S 


0.60 C 


See Pigs. 6 and 7 for heat-treatment 


Hot-rolled rod, annealed i hr. at 8oo®C. 

Fig. iia — annealed at i8oo®F. and water-quenched 
Pig. 116 — same as a plus s hr. at i8oo®P. quenched 
in iced brine 

Pig. lie — same as a plus 16 hr. at io8o®P. followed 
by furnace cooling at the rate of I4®P. per hour 
Pig. ii<i— same as a plus 16 hr. at 1350°?. followed 
by furnace cooling at the rate of I3®P. per hour 
Fig. 10 — same as Pig. iia. Etched before deformation. 
Austenitized i650®P. for 2^ hr., quenched in water 
Pigs. Ap and 4ii— tempered 3 nr. in salt bath at S70®C. 
Pig. 5 — tempered 3 hr. in salt bath at S37®C. 

Pigs, 4a and 4c — ^tempered 3 hr. in salt bath at 27S®C. 
Heated at i6so®P. for 3j^ hr., quenched in water, 
tempered 3 hr. in salt bath at 480® C. 

Spheroidized 23 hr. at 77S®C. 

Spheroidized 8 hr. at 650®C. 


tered from fibrous material and dirt in the 
adhesive which are insoluble in xylol. 

The specimens photographed in Figs, i 
to 13 are listed in Table i together with 
thermal treatments. All plates were exposed 
at magnifications of 2000 to 6300 and 
subsequently enlarged; the plates used 
were lantern-slide, contrast emulsion; the 
objective-lens pole piece was that originally 
supplied with the instrument. 

Discussion op Results 

Resolution Obtained, — It will be recalled 
that the resolving power of a light micro- 
scope, which is limited by the wave length 
of the light used and the numerical aperture 
of the objective lens, seldom exceeds about 
0.5 microns (5000 Angstroms). The electron 
microscope, using a wave length only 
1/100,000 that of ordinary light, and an 
electron lens having a numerical aperture 
of about 0,02 instead of the usual 1.2 to 
1.4, should have a theoretical resolving 
power some 1500 times better. The best 


resolved by the polystyrene-silica method, 
and roughly the same distances (perhaps 
slightly greater) by the formvar method. 

Registration of Surface Contour, — Shad- 
ows and dark lines on the prints correspond 
to shadows in the electron pattern, and 
these occur where the replica appears thick 
and opaque to the electron beam. Now if 
a metal surface contains narrow grooves 
after etching, polyst3nrene will be pressed 
into the grooves and form projecting fiins. 
It appears that silica is deposited uniformly 
over the surfaces of the flat places and on 
the sides of these polyst3rrene fins; all 
flat areas perpendicular to the electron 
beam then appear thin and transparent 
to the ra3rs, while the fins, which present 
the film obliquely or edge-on to the beam, 
appear opaque. Projecting fins on the 
metal, which make narrow grooves in 
the pol3rstyTene, register similarly. Abrupt 
steps at differences in level of the metal 
surface give dark lines. For example, if 
particles of one phase in a two-phase alloy 
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Fig. 4.— Tempered martensite. Picral etch. 
a. Tempered to 400 Brinell hardness. X 5000. 
h. Tempered to 250 Brinell hardness. X 5000. 

c. Optical photomicrograph of 400 Brinell specimen. X 1500. 

d. Optical photomicrograph of 250 Biindl spedmen. X 1500. 
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Stand in relief above the surface or are 
depressed below the surface they are sur- 
rounded by dark lines. Indirect evidence 
can frequently distinguish elevations from 
depressions.* 



Nature of Etch Attack . — ^The etched sur- 
faces of single-phase metals and allo3rs 
frequently exhibit structures of remarkable 
interest, as will be seen from Figs. 8 to 12, 
It may be possible that the patterns pro- 
duced axe in some way related to galvanic 
effects in the etchant, but it seems more 
probable that the effects are due to varia- 
tions in perfection of the crystalline grain, 


* The problem of deducing specimen contour 
from the photographs is treated in a current 
paper by R. D. Heidenreich.* Stereoscopic pic- 
tures are recommended. However, even with 
these, in order to distinguish hollows from 
bumps and projecting fins from grooves, it is 
necessary for the operator to know which side 
is which on the silica replica; for example, by 
comparii^ the electron stereoscopic pictures 
with optical examination of the same spot on 
the specimen. 


since the patterns obviously change with 
grain orientation. The attack of the etching 
solution appears to be fastest along the 
boundaries of domains, much smaller than 
grains, which in copper are rod shaped 
(Fig. 8) and in Monel metal are equiaxed 
(Figs. 11&, iid, i2d).t The rod-shaped 
domains seen on the surface of deeply 
etched copper show the following striking 
features: 

1. The rod axes are approximately 
parallel in an individual grain, or at least 
in a large part of a grain, as if paralleling 
a crystallographic axis. 

2. The rods are equiaxed in cross section, 
having diameters of o.i to 0.5 microns 
(1000 to 5000 A.) and lengths up to at least 
S microns (50,000 A.). 

3. Different etching solutions have given 
patterns of similar character and roughly 
similar dimensions. 

4. The patterns are always irregular 
and do not provide evidence of a regular 
periodic imperfection in the lattice that 
has sometimes been postulated. 

5. The boundaries of the rods form a 
branching system of lines on the surface, 
resembling a map of rivers. 

The domains in Monel metal are smaller 
than in copper and appear to be equiaxed 
blocks about 0.05 or o.i microns in size 
in the quenched material (Figs. 10, iia, 
11&) and about 0.2 microns in the over- 
aged material (Fig. iid. i2d). None were 
developed in the properly aged alloy 
(Fig. lie), possibly because the etchant 
was controlled by the distribution of pre- 
cipitate, a fact that suggests that perhaps 
the pattern in overaged Monel is controlled 
by the precipitate rather than by a pattern 
of imperfections. 

fAn alternative interpretation is that the 
boundaries of these domains are attacked more 
slowly than the interiors and stand in relief. 
Although the pictures do not differentiate be- 
tween these alternatives directly, the nature of 
the etch attack of a grain in polycrystaUine 
copper at a grain boundary strongly suggests 
that the dark lines represent grooves in the 
metal, and thus that the boundaries are at- 
tacked more rapidly (see Fig. 8a). 
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If we assume, tentatively, that these 
domains are the mosaic imperfections in 
crystals about which so much has been 
written, it seems reasonable that each 
block, being approximately a perfect 
crystallite tilted slightly from its neighbors, 
should be attacked more slowly than the 
transition layers at the boundaries of the 
blocks. Furthermore, the blocks are of 
the order of size that has been deduced 
from other evidence (Table 2). 


Table 2. — Order of Size of Blocks 


Dixnexi- 

sions, 

Microns 

Nature of Evidence 

Reference 

0.01 to I. 

X-ray reflecting power 
Stratiflcation in Zn and 
Cd 

Darwin* 

0.8 

Straumanis* 

0.54 

Segregation of Po in Bi 

Pocket 

1-2 

o.S dia. by 
I to 5 

Dislocation paths (theo- 
retical) 

Taylor, Koeler* 

long . . . 

Electron microscope, Cu 

Present paper 

0.2 to 0.5. 

Electron microscope, 
K-Monel 

Present paper 


Cold-work appears to have the effect 
of fragmenting the domains in copper, 
producing more small ones, as will be seen 
from Fig.<5. gc and pd, and making the 
etching attack much less uniform. In some 
instances banded effects are produced 
(Fig. gd). Dimensions of o.i to o.i 5 microns 
are common, which is about the size (0.07 
microns) estimated by Wood® for fragments 
in cold-worked copper, as judged by the 
uncertain method of widths of X-ray 
diffraction lines. This is also the lower limit 
(0.1 microns) assigned to fragment size 
in cold-worked (filed) copper by Brindley 
and Ridley^® on the basis of X-ray line 
widths and intensities. 

Spacings of Slip Lines. — A large number 
of slip lines have been photographed in 
polycrystalline samples of copper and 
Monel metal, a few of which are repro- 
duced in Figs, ga, gb and 10. The spacings 
of slip lines are greater — ^at these amounts 
of deformation — ^than the dimensions of 
the blocks revealed by etching. Distribu- 


tion curves for the spacings of the slip 
lines that were measured are given in 
Fig. 14. It is interesting to note that there 
is a marked tendency for the lines in 
Monel to be spaced 0.3 microns apart after 
a compression of a few per cent, while in 
copper that had received a similar amount 
of deformation by compression there was 
no preferred spacing between 0.3 and 2.5 
microns. The number of measurements 
made is too few to permit, at best, more 
than semiquantitative conclusions from 
the distribution curves. 

Spacings of Pearlite Lamdlae. — ^In the 
photomicrographs of the finest pearlite 
that could be produced in eutectoid plain 
carbon steel by a gradient quench (Figs, 
la and iJ) it was found that the minimum 
interlamellar spacing that occurs with 
reasonable frequency is about 0.05 microns 
(soo A.); a mean value is o.ii microns 
(1100 A.). The nonlamellar areas in Fig. la 
have dimensions approximately the same. 
These dimensions compare well with the 
spacings deduced less directly from optical 
photomicrographs (800 A. for pearlite 
formed isothermally at 600® C. in eutectoid 
plain carbon steel) and with the minimum 
spacings found by Mehl^® with the silver- 
collodion replica method. 

Spacings of Precipitated Particles . — ^The 
precipitate causing age-hardening in 
K-Mond metal is in an extremdy fine 
state of dispersion, and Fig. iic contains 
the smallest details of any of the pictures 
taken in this laboratory up to this time. 
Many of the particles are spaced no more 
than 0.03 micron (300 A.) apart, and 0.05 
micron spacings are common. There is a 
suggestion of platelike shapes of the pre- 
cipitate, and of a Widmanstatten pattern 
in the alloy when aged to maximum hard- 
ness, as in this figure. 

Comparisons wUk Theories of Strength 
of Metds. — Orowan^^ has suggested that 
the critical resolved shear strength for 
slip, T, is rdated to the spacings of slip 
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Fig. 6. — ^High-speed steel. First preheated 20 minutes at isso®F., then 2 minutes 45 

SECONDS at 2350®F., OIL-QUENCHED. X 5000 , 

a. No tempering. Rockwell C. 65.6. Etched 8 minutes in 4 per cent nital. 

b. Undertempered. Tempered i hour at sio®F. Rockwell C. 60.8. Etched 7)^ minutes in 2 
per cent nital. 

c. Properly tempered. Tempered i hour at io2o®F. Rockwell C. 64.5. Etched 7M minutes ir 
2 per cent nit^. 

d. Overtempered. Tempered i hour at i29o®F. Rockwell C. 46.2. Etched i}i minutes in : 
per cent nital. 
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Fig. 7.— High-speed steel. 

a. No tempering. Etched $ minutes in Ji per cent nital. X 5000. 

b. Overtempered. Etched i minute in per cent nital. X 5000. 

c. Optical photomicrograph, same surface used for F^. 6a. X 2500. 

d. Optical photomicrograph, same surface used for Fig. 66. X 2500. 

e. Optical photomicrograph, same surface used for Fig. 6c. X 2500. 

f. Optical photomicrograph, same surface used for Fig. 6d. X 2500. 
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planes in severely deformed metals by 
the formula 



where G is the shear modulus, S is the 
atomic spacing in the direction of slip and 
h is the spacing between active slip planes. 
From the curve for quenched Monel metal 
in Fig. 14, h may.be taken as 3000 A. and, 
if G = 9,500,000 and 3 — 2.$ A., the 
strength calculates to 1300 lb. per sq. in. 
(resolved shear stress). The yield strength 
for an alloy in this condition is 50,000 lb. 
per sq. in., which would correspond to a 
maximum resolved shear stress of 25,000 
lb. per sq. in., hence the theoretical value 
is greatly in error. No particular value can 
be chosen for copper. Spadngs around 2000 
and 3000 A., with G = 6.48 X 10® and 
S — 2.56, correspond to stresses of 130 
and 90 lb. per sq. in., respectively, and still 
greater spadngs must occur frequently. 
Eq. 1 therefore predicts a very low yield 
strength for copper, a stress-strain curve 
that begins to round off at low stresses, 
and this is, of course, a familiar character- 
istic of copper. There appears to be a 
qualitative but not a quantitative agree- 
ment between these very fragmentary 
experiments and the theory mentioned 
above, 

Bragg^® has developed this thought 
somewhat further by applying the prin- 
dple that when slip occurs the strain energy 
after slip must be less than the strain 
energy before slip. Bragg assumes that the 
elastic shear-strain energy of each mosaic 
block of the metal is reduced by a slip 
movement within the block, slip consisting 
of a movement by one atomic distance in 
the direction of slip, the distance S. If 
the thickness of the block is /, the strain 
energy in a cubic block before slip is 
} 4 GV{xf{)^ where V is the volume of the 
block and x/t\s the elastic shear. After slip 
this is altered to } 4 GV[{x — S)/iY, which 
must be a smaller value than the first if 


slip is to occur. Hence x must be greater 
than 3/2. Since the maximum applied 
shear stress is not, in general, parallel 
to the slip plane, x must be about equal 
to 5 and therefore the resistance to shear 
should be given by the approximate relation 

r = G(f) W 

and the resistance to tensile stress should 
be 2r. Bragg applied this equation to the 
mosaic fragments that have been estimated 
in various cold-worked metals from X-ray 
line widths, with considerable success: 
theoretical tensile strength in copper, 

48.000 lb. per sq. in.; in “pure iron,” 

18.000 lb. per sq. in.; in “pure aluminum,” 
2000 lb. per sq. in. If one assumes that the 
domains brought out by etching and the 
spacings between particles in the photo- 
micrographs of this paper are the blocks 
that act as unit ; in the way postulated by 
Bragg, the tensile and yield strengths 
computed from Eq. 2 are as given in 
Table 3. 


Table 3. — Theoretical 3 trengths Estimated 
from Block 3 ize by Equation 2 


Metal 

Block 

Size 

uk. 

(Ap: 

proxi- 

mate) 

Theo- ! 
retical 
Yield 
Strength, 
Lb. per 
Sq. In. 

Strengths 

Observed 

Copper, annealed 
Copper, com- 
pressed 75 per 
cent 

' 

3,000® 

1,000 

1.000 
500 

3.000 
500 

1,100 

11,000 

33iOOO 

47.000 

P5.000 

34.000 
115.000) 

52.000 J 

34.000 (tensile) 

50.000 (yield) 

120.000 (yield) 

100.000 (yield) 

170.000 (yield) ^ 

K-Monel, 

quenched 

K-Monel, aged. . . 
K-Monel, over- 
aged 

Fearhte (finest) . . 
Pearlite, mean in- 
terlamellar 
spacing. 




Diameter of rod-shaped domains. 

^ Extrapolated value from isothermal reaction 
experiments.^ 


3 tructure of Tempered Martensite , — ^It 
has been veiy difficult to get reproducible 
and trustworthy results with tempered 
martensite (see, for example. Fig. 13). 
By comparing the appearance of spheroid- 
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Fig. 8 .— High-pt]rity copper, annealed i hour at 8 oo®C. X 10,000. 
a, h and c. Potassium dichromate, sodium chloride, sulphuric acid etch. 
d. Ferric chloride, hydrochloric add etch. 
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Fig. 9.— High-purity copper. Dichromate etch. X 10,000, 

^ ^ j h produced by 5 per cent compression. Etched before compression, 

c and fl. Compressed 72.1 per cent. Polished surface perpendicular to plane of compression. 
Etched before compression. 
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Fig. io.—Sup lines in K-Monel, as quenched. Electrolytic etch eollowed by compression. 
fl. 5 per cent deformation. X 8000. 
h, 5 per cent deformation, X 8000. 
c. 10 per cent deformation. X 7200. Shows annealing twin. 
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a 


b 


€ 


a 


Fig. ii.-K-Monel metal with various heat-treatments. X 20,000. Electrolytic etch. 
(lO PER CENT HNOj, 5 PER CENT CHjCOOH.) 
a. As quenched in water, 161 Brinell hardness. 
h. As quenched in iced brine. 

c. Aged to maximum hardness, 301 Brinell hardness. 

d. Overaged, 255 Brinell hardness. 
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Fig. 12.— Typical falsities, “ARnFAcxs.” 

a. Optical photomicrograph of defective polystyrene replica from tempered martensite. 
Shows styrene lines. X 200. 

h. Electron photomicrograph of a. X 5000. 

c. Electron photomiaograph showing folds in silica film. X 8000. 

d. Electron photomicrograph showing image doubling. (Specimen of Fig. iid, K-Monel.) 
X 20,000. 
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^ Fig. i3.-“Typical ealsities, “Artipacis.** 

a. Tempered martensite, 350 Brinell. Appearance probably due to disturbed metal not com- 
pletely removed by etcliing. light picral etch. X 5000. 

b. Tempered martensite stained during polystyrene molding. 400 Brinell specimen. Very light 
nital etch. X 6000, 

c. Silica film of tempered martensite which has not been washed properly in ethyl bromide, 
Rings are from polystyrene. 400 Brinell specimen. X 5000. 

d. Silica film from faulty polyst5rrene replica of tempered martensite. X 6000. 
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ized steels, Fig. 3, with quenched and fresh metal, unroughened by etching and 
tempered steels polished and etched in the free from evidence of mosaic structure, 
same manner, some measure of confidence which appear white on the print. The width 
was attained, but the differences between of these strips corresponds to a displace- 



SPACINGS IN MICRONS 

Fig. 14. — Distkibution of slip-line spacings after compression of s to 10 per cent. 


the structures of Figs. 4a, 56 and 5 are still 
greater than they should be and doubtless 
indicate some variations in polishing or 
etching effects. Electrolytic polishing is 
being resorted to but this also gives the 
various structures of Figs. 4, 5, 136 and 
13^. 

Structure of Slip Lines , — ^It is evident 
from Figs. 10 and ii that slip planes inter- 
secting the surface nearly perpendicularly 
produce a stepped surface with sharp step 
edges. Deformation at each plane appears 
to be confined to a plane or to a zone less 
than 200 or 300 A. wide. (How mudi less 
than this one cannot say because the thick- 
ness of the silica replica and the rounding 
of its upper surface at the edge of the 
step limit the resolution.) There is no 
evidence of closely grouped slip lines at 
each major step. The appearance of Fig. 95 
is accounted for if slip planes come to the 
surface obliquely and expose strips of 


ment of about 0.5 microns. If these white 
strips, owing to an optical illusion, appear 
to the reader to stand up from the etched 
surface, they may be made to appear as 
furrows in the surface by merely turning 
the page upside down. 
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DISCUSSION 

(E. E. Schumacher presiding 

E. R. Parker,* Schenectady, N. Y, — I 
have just one addition to make which may be 
useful to those who are interested in using the 
formvar replica for obtaining electron micro- 
graphs. In the General Electric Research 
Laboratories, a Scotch-tape removal process 
has been used for stripping formvar from the 
samples, and in the technique used it has been 
possible to avoid the contamination of the 
formvar replica by the Scotch tape by cutting 
a J^-in. diameter hole in the Scotch tape over 

* General Electric Company, 


the section of the replica that is to be viewed 
under the microscope. When the Scotch tape 
is pulled from the sample, the part under the 
hole comes off with the remainder of the 
stripping. Then it can be cut from the Scotch 
tape. This makes it unnecessary to use a 
solvent to remove it from the tape. In that 
way it is possible to avoid the contamination 
introduced by the Scotch tape. 

F. Keller,* New Kensington, Pa. — Dr. 
Barrett has indeed given a very interesting 
and timely paper on the use of the electron 
microscope for metallographic work. There is 
little doubt in the minds of those who have 
used the microscope that it will be helpful 
in the study of structures that are now sub- 
microscopic. The electron microscope has 
very high resolving power but at present the 
limitations are the methods of preparing 
samples to utilize the high resolving power. 
Dr. Barrett mentioned two of the methods 
that are used; namely, the formvar replica 
and the evaporated silica replica. Both of 
these depend on differences in thickness to 
give the image. 

There is a third method that has not been 
used to any extent in this country, which 
gives excellent results on some alloys at least. 
It is the oxide-film method. For aluminum 
alloys, it has been possible to produce an oxide 
film of satisfactory thickness, which does not 
show any structure and in which the con- 
stituents of the alloy remain in place. These 
constituents being of different atomic weights 
than the matrix will have different absorption 
characteristics. Thus, it is possible to have a 
positive electron microscope specimen instead 
of a replica. 

I think that when more satisfactory methods 
of sampling are worked out, we will be able to 
get a great deal of information in a range of 
alloy structures that have been submicro- 
scopic but on which a lot of speculation has 
been done as to what is actually present. 

A. H. Geisler,* New Kensington, Pa. — 
Dr. Barrett has found that the domains 
developed within the grains by deep etching 
are rod-shaped in copper and are equiaxed in 
Monel metal The patterns are not regular and 

* Aluminum Research Laboratories. 
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show very little resemblance to the cubic 
structure of these metals. However, work 
done with deep-etched aluminum shows that 
the domains appear as well-developed cubes 
and apparently are related to the crystalline 
structure of the aluminum. This relationship 
is evident in the electron micrograph of a 
deep-etched aluminum alloy shown in Fig. i. 
The micrograph shows the cubic structure 
in two differently oriented grains adjacent to a 
grain boundary. The electron microscope 
specimen in this case was a special oxide film 
stripped from the deep-etched sample. 

L. S. Birks,* Washington, D. C. — Have 
you taken any pictures on unetched pearlite. 
Dr. Barrett? 

C. S. Barrett. — No, we have not. 

L. S. Birks. — method of electrolytic 
polishing has been developed which will not 
etch the surface of pearlite or tempered 
samples. A replica made after polishing shows a 
mosaic background but none of the pearlite 
lamellae appear and in tempered samples 
no coalesced carbides or other structure. 

A very light etch at low temperature on the 
same surface then brings out structures 
comparable to those seen on a light microscope. 

R, C. Woodward, t South Milwaukee, Wis. — 
This question. Dr. Barrett, is very elementary. 
On your Fig. 26, of pearlite in eutectoid steel, 
there appears to be a tendency to pull the 
metal from the top of the illustration to the 
bottom; is that due to cold working and 
polishing? 

C. S. Barrett. — No, I think there is no 
smearing shown in Fig. ib. I think the fractured 
edges of the carbide lamella stick up at an 
angle to the surface instead of perpendicular 
to the surface, as they do in Fig. 2a. 

* Naval Research Laboratory. 

t Bucynis Erie Company. 


R. W. Parcel,* Denver, Colo. — I should 
like to ask some of these men who have worked 
with the electron microscope if they have at 
this stage found it of any particular dis- 
advantage in loss of colors in various allo5rs, 
which the optical microscope often discloses? 

C. S. Barrett (author’s reply). — Mr. 
Parker’s comments on the dry stripping of 
formvar replicas are a welcome addition to the 
paper. We have tried some of the techniques 
developed by Schaeffer and Harker at the 
G. E. Research Laboratories for stripping 
formvar replicas and have sometimes had 
success with them. On the whole, however, 
we find it a disadvantage to be required to 
have such a light etch that the formvar can be 
easily removed. With many of the etched 
surfaces we have tried to examine, we have 
been able to strip the formvar from the surface 
only where the Scotch tape actually touched 
the film. The polsrstyrene-silica method, on 
the other hand, can be applied either to a 
lightly etched or a deeply etched surface. 

I think many excellent electron micrographs 
may be expected from the oxide-film method 
in the hands of Mr. Kdler and Dr. Geisler. 

Mr. Parcel’s question of the disadvantage 
resulting from the loss of color in dectron 
micrographs is, of course, pertinent. Much 
of the metallographer’s lore has to do with 
color; however, color is still available in the 
range of magnification of the optical microscope 
and most constituents of alloys are visible 
in this range or can be made so with appro- 
priate heat-treatment. The electron microscope 
can hardly be expected to supplant the optical, 
but merely supplement it in certain problems 
where its extreme resolution justifies the added 
labor and time required, hence the lack of 
color in images is not very serious in metallo- 
graphy. In the study of bacteria and viruses 
the lack of ability to employ stains may be a ' 
relatively greater disadvantage. 

* Denver and Rio Grande Railroad Labora- 
tories. 



Application of Electron Microscope to Study of Aluminum Alloys 

By F. Keixe®* and A. H. Geisleb,* JbinoE Membes A.I.M.E. 

(New York Meeting, February 1944) 


Some of the important changes that 
take place in the structure of aluminum 
alloys are largely submicroscopic in char- 
acter. This is especially true of the changes 
that accompany age-hardening and recrys- 
tallization. Although improved metal- 
lographic practices have been helpful in 
indicating some of these changes indirectly, 
results are limited by the resolving power 
of optical microscope lenses. The electron 
microscope, however, provides a new and 
important means for investigating the fine 
structure of metals in a range not possible 
heretofore. It is anticipated that this 
microscope will 3n[eld new and useful infor- 
mation to metallurgists when suitable 
techniques are developed to utilize its very 
high resolving power. 

Several unique methods have been 
devised to permit the examination of the 
structure of opaque samples by the electron 
microscope. These are all based on the 
principle of producing a very thin film that 
represents the prepared surface of the 
opaque metal sample, which can be exam- 
ined in the transmission microscope; how- 
ever, the available methods fall into three 
categories, depending on the manner in 
which the film is obtained. 

With the oxide-film method developed 
by Mahl®^^^ a very thin surface layer of 
the metallographic sample is converted 

Manuscript received at the ofSlce of the 
Institute Dec. 21, 1944. Issued as T.P. 1700 in 
Metals Technology, April 1944. 

* Metallography Division, Aluminum Re- 
search Laboratories, Aluminum Company of 
America, New Kensington, Pennsylvania. 

* References are at riae end of the paper. 


into oxide by a thermal, chemical or anodic 
treatment. After removal from the metal 
sample by one of the special techniques 
described by Evans,^* this oxide film is 
examined in the electron microscope, and 
is found to portray the structure of the 
original metal surface. Films formed on 
aluminum, nickel,^ iron®-®-® and a 
nickel-beryllium alloy^^ by heating; films 
formed on iron®-® by chemical action; and 
films formed on aluminum®-^® by anodic 
oxidation, have been examined. 

The other two are more recent methods 
developed principally in this country; they 
consist in making the thin film in the form 
of a mold or replica of the surface contour 
of an etched sample. With the negative 
replica method the thin film is made 
directly on the sample; with the positive 
replica method it is made on a negative 
reproduction of the sample. With both 
methods, variations in the contour of the 
metal sample, caused mainly by etching, 
produce variations in the thickness of the 
surface replica. Because of the direct 
dependence of the amount of scattering 
of the illuminating electrons upon the 
thickness of the fiOLm penetrated, only the 
variations in thickness of the replica are 
responsible for tones in the electron image. 

Negative replicas are made by forming 
a thin film of some suitable material 
directly on the polished and etched metal 
sample, and derive their name from the 
fact that after removal from the sample 
they have the high and low points in the 
sample reversed, as shown in Fig. i. Nega- 
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tive replicas for the examination of metal- process in which an initial negative mold 
lographic samples have been made by is first made from the metal surface and 
flowing onto the metal surface solutions of then the thin replica is made from the 
lacquers such as collodion^*” or form- initial mold. Positive replicas are so named 





Fig. I. — Schematic representation of specimens made by difperent methods, and density 

DISTRIBUTION OBTAINED WITH THESE SPECIMENS. 



a b 

Fig. 2. — Oxide eilms that show a definite structure for the oxide. 

a. Film formed by heating a 0.9 per cent silicon alloy. X 20,000. 

b. Film formed on 99.9s per cent aluminum by anodic oxidation in a chromic add electrolyte. 
X 110,000. 

2,21-28 volatile solvents and by because they have high and low points 
evaporating or electrodepositing metals corresponding directly to those of the 

such as aluminum,*® beryllium** or chro- metallographic sample as shown in Fig. 

mium^* onto the sample surface. i. The silver-collodion positive replica 

Positive replicas are made by a two-step method^ consists of electrodepositing 
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a relatively thick layer of silver onto the 
polished and etched sample, removing 
the sample from the silver, flowing a 


The polystyrene-silica method, con- 
sists of making the initial impression by 
molding the sample in polystyrene. After 



Fig. 3. — ^Appearance op constituent particles occluded in anodic oxede coatings 
G. Cross section of an anodically coated 20 per cent silicon alloy showing particles of silicon in 
the oxide coating. X 500. 

b. Oxide film from a 3 per cent manganese alloy showing the constituent particles as they 
appear with vertical, reflected light. X 500. 

c. Same as b but with transmitted light. X 500. 


solution of collodion onto the silver and the metal is removed, a very thin film of 
removing the thin coUod^n replica from silica is evaporated upon the initial poly- 
the silver after the solvent has evaporated. st3n:ene mold. The silica replica is then 
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removed by dissolving the polystyrene or condition of the metal specimen. In 
with ethyl bromide. general, oxide films formed on samples by 

The choice of the particular process to heating are not satisfactory because they 
be used depends to a large extent upon the are very porous and do not portray the 


Original Sample 




Fig, 4. — Schematic diagram showing effect of constittient particles in oxide film on 

DENSITY DISTRIBUTION IN ELECTRON MICROSCOPE IMAGE. 


metal or alloy to be examined and upon 
the specific features under investigation. 
Although the oxide-film method is found 
generally useful for the study of aluminum, 
satisfactory oxidation techniques are not 
yet known for all metals. This paper 
presents some of the results that have been 
obtained with both the oxide-film method 
and some of the replica methods in the 
study of aluminum alloys with the electron 
microscope. 

Structureless Oxide Film 
FROM Aluminum 

Oxide film s for use in studies of metal- 
lographic structures with the electron 
microscope should not display interfering 
features that are dependent primarily 
upon the manner in which the oxide film 
is formed and independent of the nature 


metal structure adequately. This is demon- 
strated by Fig. 20, which shows an electron 
micrograph of an oxide film formed on 
an aluminum-silicon alloy sample by 
heating. 

Oxide films formed by anodic oxidation 
of aluminum in the electrolytes normally 
employed to produce protective coatings 
show a granular structure characteristic 
of the oxide when the films exceed a 
specific thickness less than the thickness 
most suitable for samples for the electron 
microscope. When films made in these 
electrolytes are formed to the required 
thickness, a granular structure of the oxide 
is always present, which tends to obscure 
the structure of the metal specimen. This 
is demonstrated by Fig. 26, which shows 
an oxide film formed on aluminum by 
anodic oxidation in a chromic acid elec- 
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trolyte. Similar granular structures are 
observed for films formed in sulphuric 
acid, oxalic acid and borax-boric acid 
electrolytes.®® 

Two anodic oxidation treatments that 
produce almost structureless oxide films 
have been used by Mahl and others to 
study the microstructure of aluminum 
and its alloys. One treatment that employs 
an aqueous solution of borax and boric 
acid as the electrolyte®”^® has been used 
more extensively than the other. Thin 
fiims formed in this electrolyte, probably 
corresponding to the barrier layer, appear 
structureless;® however, thicker films ex- 
hibit at magnifications of about 10,000 or 
greater a structure somewhat similar to 
that shown in Fig. 26. The second pre- 
viously used anodic oxidation treatment 
involves use of an aqueous solution of 
ammonium borate as the electrolyte.^-^® 
The films formed by this process generally 
have a granular texture^® but thin films 
can be formed that show little apparent 
structure (Fig. 10). 

The preliminary object of the present 
research was to develop an oxidation 
technique for making films for portraying 
the microstructure of aluminum and 
alloys without a superimposed characteris- 
tic oxide structure. Although fair results 
were obtained from films made in borax- 
boric add and ammonium borate electro- 
lytes, an improved technique was desired. 
That a highly satisfactory technique was 
found is demonstrated by the electron 
micrographs induded in this paper. 

The new procedure is also an anodic 
treatment, and consists of making the 
metallographic spedmen the anode in an 
electrolyte containing 12 per cent di- 
sodium add phosphate (Na2HP04) and 
0.4 per cent sulphuric add in water, and 
using a lead cathode. The film thickness is 
dependent prindpally upon the applied 
potential and not upon the length of 
treatment in contrast to fiilms formed 
in some of the other dectrolytes that 


continue to grow rapidly in thickness with 
time. Potentials of 20 to 40 volts yield 
films of satisfactory thickness for electron 
microscope specimens. No difference in 
thickness could be detected in films formed 
by oxidizing for H to 45 min., conse- 
quently a time of 3 to 5 min. was selected, 
merely for convenience. 

Removal of the film is accomplished 
easily by using the mercury method. ^®-^® 
The oxide film on the surface being in- 
vestigated is cut into small squares by 
scribing a network of lines about H in. 
apart on the prepared surface. The sample 
is then immersed in a saturated solution 
of mercuric chloride for about 30 sec. 
During this time, mercury deposits upon 
the exposed aluminum along the scratches. 
The sample is then removed and placed in 
a dish of distilled water. The deposited 
mercury dissolves the aluminum at the 
interface and thus undermines the oxide 
film. The small squares of film float free 
from the aluminum after a short time and 
can be removed from the water bath with 
the specimen-supporting screens. 

The quality of the oxide film formed by 
anodic oxidation in the disodium phosphate 
solution is illustrated by Figs. 5 to 9. No 
granular structure was detected in these 
films at magnifications of from 2,000 to 
60,000 diameters. This is to be expected, 
from consideration of the manner in which 
this film forms. Evidently, this film grows 
to a limiting, barrier-layer thickness, after 
which growth stops because no pores 
develop. 

Usefulness of the Qxede-film Method 

Like the replica methods, the oxide-film 
method is capable of faithfully reproducing 
the contour of the surface of the etched 
metallographic specimen. This is especially 
apparent in Figs, 5^ and sd, which repre- 
sent the block structure of alunodnum 
devdoped by deep etching. The image, 
however, is somewhat different from that 
obtained by the replica methods, as may 
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be seen from the schematic comparison 
of the methods shown in Fig. i. Since the 
thickness of the oxide film is constant in 
the direction of growth — that is, normal 
to the original metal surface — ^parallel 
surfaces are represented by the same thick- 
ness of oxide, and thus appear with equal 
brightness in the electron image, analogous 
to the appearance of paralld surfaces in 
the optical image. This behavior is to be 
compared with that occurring with the 
replica methods, which represent parallel 
surfaces as areas of different brightness, 
dependent on the distances of the surfaces 
from some datum plane. 

Contrast or differences in brightness in 
the electron image of the oxide film origin- 
ate from differences in incident angle that 
the various plane elements of the structure 
make with the electron beam. As the angle 
between the surface element of the oxide 
film and the electron beam decreases, the 
distance through the film traversed by the 
electrons increases, and the intensity of 
the electron image decreases. Thus, surface 
dements normal to the electron beam 
appear bright, those paralld to the electron 
beam appear black, and those at inter- 
mediate angles appear various shades of 
gray, as shown in Fig. sc. 

The action of constituent partides — 
partides of a second phase formed from 
the melt or predpitated from solid solution 
— during the formation and removal of the 
oxide films provides an advantage of the 
oxide-film method over the replica methods. 
During the anodic oxidation of aluminum 
alloys, some of the microconstituents are 
readily oxidized or dissolved, some are 
more slowly oxidized, and others are not 
oxidized but are left unattacked. ”“*• Con- 
sequently, the oxide film may contain 
ocduded partides of the unchanged con- 
stituents as shown in Fig. 3 ; it may contain 
ocduded oxidation products of the con- 
stituent or it may contain holes correspond- 
ing to the constituent partides. In all cases, 
evidence gf constituent partides is apparent 


in the electron image as shown in Fig. i 
regardless of whether or not the partides 
are etched below the general surface level 
of the sample. 

The prindpal advantage of the oxide- 
film method is realized when the con- 
stituent partides or their oxidation prod- 
ucts are left embedded in or aJQGbced to the 
oxide film as indicated schematically in 
Fig. 4. Under these conditions the contrast 
in the electron image will not only be con- 
trolled by differences In thickness of the 
oxide but also by the difference in dectron- 
scattering ability of the aluminum oxide 
and the embedded or af&xed partides. 
Since the ability to detect fine partides 
by the electron image depends upon the 
difference in brightness between the image 
of the partide and the background, the 
oxide-film method should be capable of 
revealing finer partides than are revealed 
by the replica methods, which are de- 
pendent upon thickness differences alone 
for image contrast. 

Results Obtained by the Oxtue-film 
Method 

Block Structure 

Structures developed by deep-etching 
metals have provided an interesting subject 
for the electron microscope.** 

Under suitable conditions, deep etching of 
aluminum in solutions containing hydro- 
chloric add and hydrofluoric add first 
causes the formation of the familiar cubic 
etch pits shown in the electron micrograph 
in Fig. 5a. Continued etching provides 
additional exposure of the cube faces, 
\intil the original metal surface is entirdy 
removed. In this condition, shown by 
Figs. 5& to the structure appears to 
be composed of stacked blocks having 
surfaces composed of planes parallel to 
the cube planes of the lattice. 

The usefulness of the dectron micro- 
scope in examining the block structure 
devdoped by deep etching is well demon- 




Fig, 5. — STRtrcxxJKES oir deep-etched samples op annealed 0.9 pee cent silicon-alloy sheet 

a. Electron micro^apli of cubic etch pits. X 4000. 

b. Optical photomicromph of cubic bloci structure. X 500. 

c. Electron micrograph of cubic block structure within a single grain. X 8000. 

d. Electron micrograph of structure adjacent to grain boun&ry. X 8000. 


micrographs in Figs. and 5d. In addi- partly out of focus in the optical photo- 
tion to revealing details j&ner than those micrograph. This is possible because of 
resolvable with the optical microscope, the relatively great depth of focus of the 
the electron microscope is also capable electron microscope as compared with that 
of clearly focusing the different levels of the optical microscope. 
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The nature of the cubic structure de- 
veloped by deep-etching aluminum is not 
dearly understood. The cubic pattern is 
regular only in the sense that the faces 


of the structures developed by deep etch- 
ing, which can be obtained only by use of 
the electron microscope, will be funda- 
mental in fully comprehending the cold- 



Fig. 6. — Structukes op deep-etched samples. 


a. Block structure of annealed commercial 1.25 per cent manganese-alloy sheet, X 4000. 

b. Structure of hard-rolled 1.23 per cent silicon-alloy sheet. X 16,000. 


developed form three sets of roughly 
parallel planes in each grain. The size of 
the blocks and their general shape vary 
considerably. Although the alignment of 
the blocks in a given grain is fairly con- 
stant, there are indications of shght 
orientation differences, which may account 
for this type of etching behavior. With 
some alloys, like the commerdal wrought 
aluminum alloy 3S, which contains 1.25 
per cent manganese, the cubic faces may 
contain a fine structure of a more or less 
random pattern as shown in Fig. 6 a. In 
cold-worked samples the block structure 
is not cubic but nonuniform, as shown in 
Fig. 66. Nonunifonn block structures have 
been reported for aluminum in the cast 
and cold-roUed conditions whereas cubic 
block structures have been found only for 
annealed material.^® Complete knowledge 


working and recrystallization processes 
and the influence of various factors (such 
as the presence of fine constituent par- 
tides) upon these processes. 

Precipitation from Solid Solution 

The dectron microscope should be 
capable of providing much useful informa- 
tion on the size and distribution of the 
predpitate partides during the early 
stages of aging— information that can only 
be inferred from other types of examina- 
tion. Although the optical microscope 
reveals indirect evidence of precipitation 
in aluminum alloys in the early stages of 
aging and at low aging temperatures,**”*’^ 
the platelike shape of the precipitate 
partides can be optically resolved only 
after rdativdy long aging periods or in 
samples aged at rdatively high tempera- 



90 


ELECTRON MICROSCOPE IN STUDY OF ALUMINUM ALLOYS 


tures.*® Theoretically, the electron micro- tron micrographs show the precipitate 

scope should be capable of resolving the and the structure developed by deep 

precipitate particles when they are plate- etching in two samples of 3S alloy sheet 

lets only 10 A. or less in thickness and fabricated by two different practices. The 



Fig. 7. — ^Well-developed particles op silicon precipitate in deep-etched 1.23 per cent 

SILICON-ALLOY SAMPLE. X 40,000. 


before they have grown in thickness 
sufficiently to diffract X-rays as three- 
dimensional crystals.®® 

The appearance of the precipitate as por- 
trayed by the oxide-film method varies 
.with the nature of the precipitating constit- 
uent as well as with the manner of prepa- 
ration of the sample. Constituents such as 
Si and MnAle, which are not dissolved or 
oxidized during the anodic treatment, ap- 
pear as dense, black particles of a charac- 
teristic shape in or on oxide films from deep- 
etched samples, as shown in Figs. 7, Sa 
and 8&. Particles of silicon, which are prob- 
ably platelike in shape, are shown in Fig. 6^. 
An electron micrograph of another area 
of this sample is shown in Fig, 7, where 
the silicon particles appear as six-sided 
plates in a number of different orientations. 
The optical microscope gives no indication 
of this shape because of its limited power of 
resolution. This is also true of the precipi- 
tate shown in Figs. 8a and 85 . These elec- 


one sample shown in Fig. 80 contains con- 
stituent particles considerably larger than 
those in the other sample shown in Fig. 85 . 
This difference in size of the submicro- 
scopic constituent particles first revealed 
by the electron microscope is considered re- 
sponsible for pronounced differences in the 
characteristics of these two samples. 

The precipitate particles that are not 
oxidized during the formation of the oxide 
film may appear as outlined areas in photo- 
micrographs of oxide films from metallo- 
graphically polished and etched samples, as 
shown in Figs. 8c, 8d and 9. In Figs. 8c and 
Zd electron micrographs are shown of 
oxide films from polished and etched sam- 
ples of the same two lots of 3S sheet shown 
in the deep-etched condition in Figs. 8a and 
85 . The flat constituent particles evidently 
are undermined during the etching treat- 
ment, and they fall out of the surface to 
leave cavities in the aluminum. This type 
of behavior is observed with the optical 



Fig. 8. — Fine coNSTmiENT paeticies in annealed conqieeciai. 1.25 pee cent manganese 

ALLOY SHEET. 

a and h. Structures of deep-etched samples of sheet made by two different practices. X i6,ooot 
c and d. Structures of metallographically polished and etched samples of same material ^own 
in a and respectively. Etched wiUi 0.5 per cent HF. X 16,000. 


receive a thin oxide film, as does the in a high-pnrity aluminum-manganese 

general surface, and the presence of the alloy containing 1.08 per cent Mn. The 

precipitate is evidenced by the outlined precipitates in samples of two other corn- 

cavities shown in Figs. 8 and 9. The latter positions aged in a similar way also appear 
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as outlined areas of which the average size similarity of the size and distribution of 
depends upon the aging temperature. The the outlined areas in Figs, Sc and 8d to 
size of the outlined areas in the three sets of the MnAle particles in Figs. Sa and Sb is 



Fig. 9. — Precipitation in 1.04 per cent manganese alloy solution heat-treated and aged. 
Polished samples etched with 0.5 per cent HF. X 4500. 

a. Aged 16 hours at 4So®C. 

b. Aged 16 hours at 4oo®C. 

c. Aged 16 hours at 3So®C. 

d. Aged 16 hours at 3oo°C. 

samples varies with temperature and com- good evidence that the outlined areas 
position in a manner consistent with the actually represent precipitate particles, 

laws of precipitation. This fact and the When the precipitate particles are rela- 
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Fig. 10.— PBEciPiXAnoN in vakious aluminum alloys. 

a. Alloy contaming 1.23 per cent silicon solution-heat-treated and then aged 16 hr. at ai5®C. 
Oxide film formed on electropolished sample in ammonium borate electrolyte. X 20,000. 

b. Alloy contaming 25 per cent zmc solution-heat-treated and then aged 46 days at ioo®C. 
Oxide film formed on deep-etched sample in ammonium borate electrolyte. X 40,000. 

c- Commercial alloy containing magnesium, silicon and chromium solution-heat-treated and 
aged. Oxide film formed on polished sample in ammonium borate electrolyte. X 20,000. 

d. Same material as c. Osdde film formed on electropolished sample in borax-boric add elec- 
trol3rte. X 20,000. 
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lively large and anchored deep into the 
matrix (compared with the thickness of 
the oxide film), as in a Widmanstatten pat- 
tern with plates at an angle to the plane of 
polish, the precipitate usually appears as 
white streaks corresponding to holes in the 
oxide film left by the cross sections through 
the precipitate plates. With constituents 
such as silicon, which are not oxidized or 
dissolved during the anodic treatment, the 
particles form discontinuities in the oxide 
film, and the film may be pulled from the 
particles to leave holes in the film. This 
might occur during the film-removal proc- 
ess if the film were freed from the aluminum 
before the mercury had freed the constit- 
uent particles from the aluminum. Such a 
case is represented by Fig. loa, which shows 
a Widmanstatten pattern of holes left by 
silicon particles in an oxide film from an 
aged aluminum-silicon alloy. Similar pat- 
terns of streaklike holes are also observed 
with aged aluminum-copper, aluminum- 
silver and other alloys in which the precipi- 
tate appears in a somewhat coarse Widman- 
statten pattern and the constituents are 
oxidized or dissolved during the anodic 
treatment to leave gaps in the oxide film. 

When the precipitate particles are small, 
they may appear either as black particles 
or as white holes, depending upon whether 
or not the constituent is oxidized and dis- 
solved during the oxidation treatment. This 
factor depends not only upon the nature of 
the constituent but also upon the condi- 
tions of the anodic oxidation treatment. 
Electron micrographs of oxide films formed 
by two different anodic treatments on 
the commercial aluminum-magnesium-sili- 
con alloy 53 S in the heat-treated and 
aged condition are shown in Figs, loc and 


lod. The constituents appear as black par- 
ticles in the film formed in the borax-boric 
acid solution using a potential of 30 volts 
(Fig. rod), while some appear as white holes 
in the film formed in the ammonium borate 
electrolyte using a potential of 50 volts 
(Fig. loc). Similar white holes, probably 
corresponding to oxidized or dissolved 
precipitate particles that are exposed dur- 
ing the oxidation treatment, are observed 
also in films formed by the ammonium 
borate process on aluminum-magnesium 
and aluminum-zinc alloys, as shown in 
Fig. 106. The larger, more or less outlined 
areas in Fig. 10b may be oxide-coated cavi- 
ties in the matrix left by the zinc precipi- 
tate particles exposed and dissolved during 
the deep etching. 

Results Obtained by the Replica 
Methods 

Although the oxide-film method is found 
in general to be very satisfactory for the 
study of aluminum alloys with the electron 
microscope, occasionally one of the replica 
methods can be used to advantage in spite 
of the increased time and work involved. 
With this view in mind, a few results ob- 
tained by the formvar and the polyBtyrene- 
silica processes are presented in Figs, ii 
and 12. Precipitation in a high-purity 
aluminum-copper alloy aged at 25o°C. is 
shown in Fig. ii. Localized precipitation 
along slip-plane traces*^ is evident in the 
optical photomicrograph in Fig. 11a for 
the sample aged 30 min.; however, the 
CUAI2 particles cannot be clearly resolved 
with the optical microscope until after 
the sample has been aged for more than 
24 hr. at this temperature (see Fig. iif). 
Electron micrographs of formvar films 


a. Optical photomicrograph of sample aged hour. Polished sample etched in HF-HCl-HNOs. 
X 100. 

b. Electron micrograph of formvar replica from same sample. Electropolished. X 20,000. 

c. Electron micrograph of formvar replica from sample aged 2 hours. Electropolished. 
X 20,000. 

d. Electron micrograph of formvar replica from sample aged 24 hours. Electropolished. 
X 20,000. 

e. Electron micrograph of silica replica from same sample. X 5,000. 

/. Optical photomicrograph of same sample. X 500. 
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mechanically stripped under water* from 
the aluminum-copper alloy samples aged 
for various time periods are shown in 
Figs, lib to I id. The Widmanstatten pat- 


remaining illustrations. An electron micro- 
graph of a silica replica from the same 
sample used for Fig. iid is shown in 
Fig. lie. The individual precipitate par- 



FIG. 12. — StRUCTUBE op eutectic in chill-cast 3.5 PER CENT IRON ALLOY. 
Polished sample etched with 0.5 per cent HF, 

a. Optical photomicrograph. X 1,500. 

b. Electron micrograph of silica replica. X 4,000. 


tern of precipitate particles and the growth 
of the particles during aging are evident. 

The true negative replica is represented 
by Fig. 11&, where the CuAla particles 
left in rdief appear as white cross sections 
through plates because of the smaller thick- 
ness of the replica at these particles. The 
replicas shown in Figs, iic and ird may 
be classed as modified negative replicas, 
because many of the white streaks repre- 
senting the CuAls plates have a deposit of 
etching products that reverse the tone 
contrast between the precipitate and the 
matrix. 

Two applications of the polystyrene- 
silica method are demonstrated in the 


* The formvar films may also be stripped 
from altimintim samples using the mercury 
method as used to strip oxide films. Mahl has 
used this method to strip lacquer films.^.^*.^* 


tides and the Widmanstatten pattern are 
not as distinct as those shown in Fig. iid 
but are more dearly resolved than the 
structure visible with the optical micro- 
scope as shown in Fig. ii/. A fine eutectic 
structure of FeAlj and aluminum is shown 
in Fig. 12. The optical microscope resolves 
the partides in the coarser part of the 
structure as shown in Fig. 12a but the 
shape and boundaries of the finer partides 
are apparent only on examination with 
the dectron microscope. 

Conclusions and Summary 

The results obtained in revealing the 
fine structure of various aluminum alloys 
by employing the electron microscope are 
considered encouraging. Many of the 
structures shown in this paper are far 
beyond resolution by the optical micro- 
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scope. Available methods for preparing 
specimens such as the oxide film, formvar 
replica and silica replica are compared 
and the results illustrated. A new method 
for preparing structureless anodic oxide 
films for use as electron microscope 
specimens is described in detail. In most 
instances the results obtained with the 
new method are considered better than 
those possible with the older methods. 
Further research is in progress to extend 
the application of the electron microscope 
for the investigation of submicrostructures 
of aluminum alloys. 
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DISCUSSION 

(W. A. Dean presiding 

C. F. Barrett, Jr.* Teterboro, N. J. — 
What amount of distortion occurs in removing 
these replicas from the surface of the original 
sample? 

. A. H. Geisler (author^s reply). — ^In general, 
no evidence of any distortion has been observed 
in oxide films which might have been produced 
during their removal from the metal surface. 
This is to be expected, since a chemical removal 
process is employed in contrast to the mechani- 
cal removal processes used in some of the 
replica techniques. In the close vicinity of the 
scratches inscribed on the oxidized sample, to 
'cut the oxide film into squares, naturally some 
distortion of the metal sample occurs, but these 
areas seldom fall within the field on the sup- 
porting screen that is examined in the electron 
microscope. 


* Eclipse-Pioneer Division of Bendix Avia- 
tion Corporation. 


M. L. Fuller,* Palmerton, Pa.— I would 
like to offer a suggestion regarding the ter- 
minology. The science of controlling the 
trajectories of electrons in a vacuum is known 
as electron optics. It follows, therefore, that 
the electron microscope is an optical instrument, 
as well as the conventional microscope. My 
suggestion is that we designate the two 
instruments as “light microscope” and “elec- 
tron microscope,” rather than optical micro- 
scope and electron microscope; that we term 
the two micrographs “photomicrograph” 
and “electron micrograph,” rather than photo- 
micrograph and electron photomicrograph. 

C. S. Barrett, t Pittsburgh, Pa. — The 
anodic oxide replicas seem to be excellent for 
showing the deep-etched structure of aluminum 
alloys, which are particularly difl&cult samples 
to handle with the polystyrene silica method. 

I should like to suggest that there might be 
opportunities for misinterpretation of oxide 
replicas when they are used to count the 
number of precipitated particles per unit 
area of the surface. Is it not possible that an 
oxide film contains not only the particles 
trapped within it but also some particles that 
floated around in the liquid after the metal 
was dissolved? Any particles that fell on the 
replica and remained there would, of course, be 
counted along with the ones that are within 
the film. Could this account for the difference 
in the number of particles in Figs. io<; and 
rod? 

A. H. Geisler. — It is possible that con- 
stituent particles loosened from the aluminum 
matrix during the film-removal process and 
unattached to the oxide film might be picked 
up on the film from suspension in the water 
bath; however, careful washing of the oxide 
film should remove these if a determination of 
particle number is desired rather than particle 
size and shape alone. In investigations of the 
latter features and in electron-diffraction 
studies, some such partide-concentrating 
scheme might be advantageous. 

I do not believe that there is any real 
difference in the number of partides repre- 

* Research Division, New Jersey Zinc 
Company. 

t Metds Research Laboratory, Carnegie 
Institute of Technology. 
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sented in Figs, loc and lod if the white areas, 
faintly visible in Fig. loc and corresponding 
to holes left in the oxide film by particles 
oxidized and dissolved in the film formation 
treatment, are counted in addition to the 
black particles. We know that the conditions 
of anodic oxidation determine whether or not 
a particular constituent is oxidized and dis- 
solved by the electrolyte or is left unattacked 
in the oxide film. This is demonstrated by Figs. 
IOC and rod, where one anodic oxidation 
treatment has left all the constituents or their 
oxidation products in the aluminum-oxide 
film, as shown by Fig. rod, but a different 
oxidation treatment has resulted in complete 
removal of some of the constituents or their 
oxidation products to leave the white holes 
in the aluminum-oxide film shown in Fig. loc. 

C. S. Barrett. — Do you think that Fig. 2a 
might have any particles picked up from the 
liquid? 

A. H. Geisler. — Yes, but I do not think 
that they are all constituent particles from the 
alloy. I think that some of the large black 
particles in Fig. 2a are particles of a hydrated 
alumina, which under certain conditions may 
form during the film-removal operation. Some 
of the spurious material may also be particles 
of residual aluminum. Mahl^^ and Fischer and 
Kurz®® have taken precautions to remove 
both these materials by washing the oxide 
films in dilute hydrochloric add after removal 
from the aluminum. We have not considered 
this necessary, since it is usually possible to 
find many areas of the films that have no 
spurious material and that appear to be 
representative of the microstructure of the 
sample. 

G. E. Pellissier, Jr.,* New York, N. Y. — 
Do the authors feel that the top surface 


of the oxide coating follows the contour of the 
surface or is the top surface smooth? In Fig. 
lofl, might not there be some ambiguity about 
the interpretation of the light areas? 

A. H. Geisler. — ^There is no doubt that the 
top surface of the oxide film follows the contour 
of the samples as represented in Fig. i. If 
the top surface were smooth, parallel surfaces 
at different levels in the microstructures 
such as those depicted in Figs, sd 

would not appear with equal brightness 
but would have different brightnesses, depend- 
ing on the distance of the surface from some 
datum plane, as with the replica methods. 
The light areas in Fig. 10a cannot be attributed 
to anything other than holes in the oxide 
film, probably where relatively large silicon 
partides had been located in the sample. 

Member. — should like to ask about 12b, 
It has been indicated that in the silica replica 
process one surface would be flat, yet those 
partides all have a black edge around them. 

A. H. Geisler. — ^Whether the top surface 
of a replica is flat or follows the contour, I 
think depends upon the magnitude of the 
detail and change in contour present on the 
surface of the metal sample. With, micro- 
structural features of the size shown in Fig. 
126, where a distance of 4 mm. represents ifi, 
the top surface of the replica follows the 
contour to some extent over most of the 
particles represented. On the other hand, 
with much finer microstructural features, 
such as those represented in Fig. i, where a 
distance of 44 mm. represents i/jl, the top 
surface of the replica is probably smooth as 
shown. This explanation is in agreement with 
results with silica replicas published by 
Heidenreich.** Our observation with formvar 
replicas, however, indicates that the top 
surface remains flat over larger contour changes 
than does the top surface of silica replicas. 


♦ Columbia University. 
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By Shueling Woo,* Charles S. Barrett, f Member and Robert F. MEHL,t Member A.I.M.E. 

(New York Meeting, February 1944) 


When one solid phase is generated from 
another, fixed and rational orientation 
relationships are observed to subsist 
between the parent and the new crystal. 
The principle has been proposed^ that the 
relationships obtaining between the same 
two phases are identical whatever the type 
of phase change involved, or whichever of 
the phases may act as parent. Many t3^es 
of phase changes have been studied; 
allotropic transformations in pure metals, 
precipitation from solid solutions, eutectoid 
decompositions, peritectic reactions, the 
formation of oxide layers, and others.* 
Phase layers generated by diffusion of 
one metal into another constitute an 
additional type of reaction. This report 
provides new data on the orientation 
relationships occurring between phase 
layers formed by diffusion, in the Cu-Zn 
system, § and furnishes further evidence 
in support of the principle. 


Materials and Methods 

The Cu-Zn system is especially suitable 
for these studies since the high vapor pres- 


Manuscript received at the office of the 
Institute Dec. i, 1944. Issued as T.P. 1694 in 
Metals Technology, June 1944. 

• Division Chief, National Resource Com- 
mission Machine Works, Kunming, China; 
formerly graduate student Department of 
Metallurgical Enpneering, Carnegie Institute 
of Technology, Pittsburgh, Pennsylvania. 

t Associate Professor of Metallurgical Engi- 
neering, and member of staff. Metals Research 
Laboratory, Carnegie Institute of Technology. 

t Professor of Metallurgical Engineering and 
Director of the Metals Researdi Laboratory, 
Carnegie Imtitute of Technology. 

1 References are at the end of the paper. 

S Some of the present results were noted in 
brief six years ago; see ref. i. 


sure of Zn provides an opportunity readily 
to create one phase poorer in Zn upon a 
parent phase richer in Zn by removing Zn 
by vaporization, or to reverse this process 
by adding Zn from Zn vapor; e.g., the 
beta phase can be found as a layer upon 
gamma by dezincing, or gamma can be 
found on beta by addition of Zn from Zn 
vapor. Since orientation relationships are 
to be sought, requiring crystals large 
enough for orientation determinations, it 
is convenient to prepare single crystals or 
large grains of the parent phase. 

The samples were prepared from oxygen- 
free high-conductivity copper and Horse 
Head zinc by melting under a borax filux 
in a graphite crucible. Large crystals of 
beta brass were grown by the strain-anneal 
method, in plates sectioned from the cast 
ingots, by the following procedure. Rock- 
well-hardness indents were made at i cm. 
intervals and with various loads, then the 
plates were annealed for 4 days at 7oo°C. 
in Nichrome boxes packed with beta-brass 
chips and graphite. Surface layers were 
removed by grinding and etching to a depth 
of about i.o mm., and individual grains 
were cut out. Crystals of alpha and gamma 
brass were prepared by freezing, by lower- 
ing a graphite crucible at speeds less than 
one inch per hour through a furnace held 
at a constant temperature above the mdt- 
ing point. Single crystals were cut out with 
a jewder’s saw, ground, polished and 
etched. Care was taken to remove cold- 
worked layers from the finished crystals 
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by etching, in order to minimize the danger 
of recrystallization. 

The compositions of the alpha, beta and 
gamma allo3rs were 70.0 per cent Cu, 30.0 


matrix. The reflections from each phase 
were identified by the reflection angles 
and by the shape of the spots on the film, 
and the relative orientation of the phases 



Fig. I . — Section through rim of beta and core of alpha after diffusion at 700® C. X 7. 


per cent Zn; 53.4 per cent Cu, 46.6 per cent 
Zn; and 33.3 per cent Cu, 66.7 per cent Zn, 
respectively. 

To produce the desired alloy layers on 
the surface by diffusion, each crystal was 
placed in a loose-fitting perforated box of 
brass having the composition of the layer 
that was to be produced, and the box, in 
turn, was embedded in chips of this same 
composition. Thus, for example, a crystal 
of beta brass was placed in a box of alpha 
brass and surrounded by alpha-brass chips. 
The crystal, box, and chips were then all 
sealed in evacuated Pyrex or silica tubes 
with a small amount of graphite and heated 
in furnaces controlled to ±5°C. This 
arrangement provided a large surface area 
of the alpha composition to which the zinc 
vapor could diffuse from the beta crystal 
until the surface of the latter reached the 
alpha composition. After the diffusion 
treatment, each sample was quenched 
in iced brine, to avoid precipitation, and 
was cut, ground or etched so as to reveal 
the matrix together with the layer pro- 
duced by diffusion. 

X-ray photograms of the Davey-Wilson 
type* were prepared with a beam of Cu Ka 
radiation striking both phases at the inter- 
face between the diffusion layer and the 


was determined by plotting on stereo- 
graphic projections using a Wulff net 15% 
in. in diameter. In certain samples the 
diffusion layer contained crystallites differ- 
ing in orientation among themsdves 3® to 
6®; for these, the center of gravity of the 
cluster of spots was treated as the reflection 
from a single aystal. In some cases of this 
type the solution was checked by also 
solving the orientation of one crystallite 
of the group. Errors in reading and plotting 
the films probably do not exceed 2® and 
usually are less than i®. 

Microscopic examination of the samples 
showed that in none of the experiments 
reported in this paper was there precipita- 
tion in any of the phases on cooling from 
the diffusion temperature to an extent that 
interfered with the interpretation of the 
X-ray photograms; in fact, only one of the 
samples contained enough precipitate to 
be detectable on the photograms. A photo- 
graph of this sample is shown in Fig. i; 
the rim of beta surrounding the alpha 
core contains many precipitated crystals 
of alpha, but since the X-ray reflections 
from these were of lower intensity than 
the reflections from the core, it was not 
difficult to distinguish them in the diffrac- 
tion patterns. It was possible to analyze 
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the orientations of five grains in this rim, 
avoiding a portion of the rim that was 
recrystallized. 

When alpha was formed on beta at 



Fig. 2.— Surface op alpha phase formed 

ON CORE OF BETA AT 700 °C. WITHOUT POLISHING 
OR ETCHING, X 3OO. 



Fig. 3.— Section through rim of alpha 
(gray) containing channels and core of 
beta (whue), after diffusion at 7oo®C. 
Etched with HjOj in NH4OH. X 75. 

7oo®C., the surface developed the network 
of grooves shown in Fig. 2. The interior 
became perforated - with hollow channels, 
showing as black dots and threads in Figs. 


3 and 4, which appear to extend in cry- 
stallographically determined directions. 
These must result from the volume shrink- 
age that accompanies the loss of zinc in 



Fig. 4.— Same specimen as Fig. 3, etched 
WITH HNO*; channels in alpha phase (top) 

SHOW PREFERRED DIRECTIONS. X 200. 


the formation of alpha, and is analogous to 
the cracking of oxide films that are denser 
than the parent metal on which they form. 

Cracking and reaystallization (with 
resultant loss of fixed orientations) of the 
layer formed by diffusion became a problem 
only when gamma was formed on beta at 
550° and at 500°. Near the beta-gamma 
interface, however, a sound layer of gamma 
was found (see Fig. 5) and it was possible 
to grind away the outer portion of the rim 
of gamma so that only the sound portion 
remained, and this alone was used for 
X-ray measurements. 

Results 

When the relative orientations of a 
crystal and its diffusion layers had been 
determined, a plot was made showing 
poles of the low-indices planes {001}, 
{no}, and {111} of the new phase on a 
standard stereographic projection of the 
matrix crystal. These poles were then 
rotated* into a single unit triangle of the 
standard projection of the matrix crystal, 
using the rotation axes of symmetry of 
the matrix. A separate plot was made 
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for each set of poles in each series of 
experiments. 

The formation of beta from alpha was 
produced by the diffusion of zinc vapor 


all experiments are summarized in Table 

I.* 

It is convenient to describe the orienta- 
tion relationships found in terms of the 



Fig. 5. — Section through rim or gamma formed on core of beta (lower right) at 550° C. 

X 100. 

Showing sound layer of gamma just above darkly etched core, adjacent to interface (black 
line). Surface material cracked and recrystallized into small grains. Glacial acetic etch. 


from beta into a single ciystal of alpha 
at a temperature of 4oo®C. for seven days; 
this produced nine large beta grains on 
various faces of the crystal; the orientations 
of all of these are combined in the unit 
stereographic triangles of Fig. 6. The upper 
triangle in this and succeeding figures is 
the pole figure for {100} poles of the new 
phase, the middle is for {110} and the 
lower is for {iii}; the left-hand comer of 
each triangle is the pole of (100) of the 
parent or core aystal, the lower right 
corner is the pole of (no) and the upper 
right, (in). The poles of crystals in the 
diffusion layers are shown as small dots. 

Figs. 7 to 12 are similar stereographic 
projections covering the rest of the orien- 
tation determinations; the experimental 
conditions and the results obtained in 


various ideal orientation relationships that 
have been proposed for transformations 
and Widmanstatten structures when body- 
centered cubic aystals form from face- 
centered cubic, or vice versa. These are 
listed in Table 2 and are plotted in the pole 
figures. 

The first of these four is indicated in the 
pole figures by small open circles (o), the 
second by fiUed circles (•), the third by 
crosses (X), and the fourth by large open 
drdes (O). 

Conclusions drawn from a comparison 
of these orientations and the plotted 
data are given in the last column of Table 

*To complete the series of eicperimexits a 
layer of epsilon was formed on a crystal of 
gamma by diffusing 72 hr. at 400®C.; the work 
was interrupted before the X-ray films from 
this sample could be analyzed. 





104 


ORIENTATIONS IN DIFFUSION LAYERS 


I. It is shown that the orientations in 
Figs. 6 to 9 cluster about the Nishiyama 
and Kurdjumow-Sachs relationships, with 
greater scattering at the higher diffusion 
temperatures. 

None of the experiments seem to confirm 
Bj^gglid’s orientation, and there is little 


sides of a single gamma crystal. An X-ray 
determination of this 650® experiment, 
however, is not available. 

Discussion of Results 

The orientation relationships that occur 
between the alpha and beta phases in the 


Table i. — List of Experiments and Summary of Results 


Results 

Plotted 

Diffusion 

Layer 

Parent 

Phase 

Tempera- 
ture of 
Diffusion, 
Deg. C. 

Time of 
Diffusion, 
Days 

Number 
of Grains 
Investi- 
gated 

Type of Orientation Relationships 

Fig. 6 


a 

400 

7 

90* ice 

Nishiyama 

Pig. 7 

0 

a 

700 

3 

100, 2a 

Between Nishiyama and Kurdjumow- 
Sachs 

Between Nishiyama and Kurdjumow- 
Sachs 

Too scattered to distinguish t^e 
Identical orientations in two phases 

Fig. 8.... 

a 

0 

500 

I 

Ila, 6ft 

Fig. 9 


0 

700 

i.S 

19a. 7 ft 

Fig. 10. . . 


0 

400 

2 

6y, ift 

Fig. 11... 


0 

f 550 

1 500 

10 j 

6y, 2ft 

Identical orientations in two phases 

Fig. 12... 



400 

I.S 

30* ly 

Identical orientations in two phases 


B 

650 

I.S 

10* ly 

Identical orientations indicated by 
indirect evidence 


support for the fourth simple orientation 
listed — ^in fact, for the most sharply 
clustered data (Fig, 6) this fourth orien- 
tation is clearly incorrect. While this 
orientation has not been proposed in 
earlier orientation studies, it was thought 
advisable to include it in the interest of 
completeness. 


Cu-Zn system have now been investigated 
for: (1) the precipitation of face-centered 
cubic alpha from body-centered cubic 
beta®““ (2) the formation of beta from 
alpha by the peritectic reaction,^® and (3) 
the generation of beta from alpha and of 
alpha from beta in diffusion layers. In all 
these cases the orientations are the same — 


Table 2. — Ideal Orimtalion Relationships 


Type of Orientation 

Parana Planes 

Parallel Directions 

Key to 
Pigs. 6-9 

I. Kurdjumow and Sachs^ 

(ill) f.c.c, n fiio) b.c.c. 

[iio] f.c.c. II [ill] 

b,c.c. 

0 

2. Nishiyama* 

(Ill) f.c.c, I (no) b.c.c. 

[3ii| f.c.c. [ilo 

b.c.c. 

• 

3. Bjifggild* 

(100) f.c.c. (I (100) b.c.c. 

[010] f.c.c. II [on 

b.c.c. 

X 

4 

(001) £.c.c. U (iio) b.c.c. 

[lib] f.c.c. K [in] b.c.c. 

0 


Figs. 10, II and 12 indicate that the 
relation between beta and gamma is always 
one in which the cube axes in the two 
phases are parallel — ^i.e., the orientations 
of the two phases are identical — ^both when 
beta forms on gamma and when gamma on 
beta, independent of temperature. The 
final experiment listed in Table i also indi- 
cated this rdation by the fact that a single 
continuous crystal of beta formed on all 


they all lie close to the Kurdjumow and 
Sachs relationships, departing from this 
to some extent toward the Nishiyama 
relationship. 

The orientation relationships that occur 
between the beta and gamma phases in 
the Cu-Zn system have been determined 
for: (i) the precipitation of complex b.c.c. 
gamma from b.c.c. beta,®® and, now, (2) 
the generation of gamma from beta and 
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of beta from gamma in diffusion layers. In the principle that the orientation relation- 
these two cases the orientations are the ships obtaining between the same two 






crystal. 

Upper triangle is (xoo) pole figure, middle triangle is (no) and lower is (in). See Table 2 for 
keys to symbols representing ided orientations. 

same, an orientation in which the cube phases are identical whatever the type of 
axes in the two phases are parallel. phase change involved. This principle 

These data appear adequate to establish applies whatever the direction of the reac- 
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tion, whichever of the lattices may act as 
parent. The identity in orientation rela- 
tionships appears to originate in an identity 
in the nature of the process by which the 



In the generation of beta brass from 
alpha by the inward diffusion of Zn, for 
example, we may picture the process as 
occurring in the following way: The addi- 






See Table 2 and caption of Fig. 6 for symbols. 

new phase forms in all the types of reaction tion of Zn produces a Zn concentration 
considered: in each case the new phase ap- that rises from the original alpha com- 
pears by nudeation in the lattice of the old. position at the core to the saturation 



SHUELING WOO, CHARLES S. BARRETT AND ROBERT F. MEHL 


107 


composition at the surface. The addition 
of Zn proceeds by the adsorption of atomic 
layers of Zn upon the surface, and their 
subsequent inward diffusion. This adsorp- 



concentration fluctuations, characteristic 
of solid solutions, aid in the formation of 
such aggregates of atoms. These then trans- 
form to nuclei of beta in a manner wholly 




Dots are poles of diffusion layer in standard projection of core. 

tion is a chance' process, producing, even analogous to ordinary precipitation result- 

at the saturation limit, aggregates of Zn ing from temperature change. If surface 

and Cu atoms at or near the surface which adsorption is the predominating process, 

.approximate the beta composition; normal the nudeation is at the surface, and is 
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analogous to precipitation at the grain 
boundary upon temperature change, which 
is known to produce orientations identical 
with those within the grain, as would be 



Fig, 12. — Pole figures for gamma beta at 

4oo®C. 

See caption of Fig. lo. 


expected. If normal concentration fluc- 
tuations are predominating, nucleation 
may occur at the surface, or it may occur 


below the surface; in the latter case, con- 
centration fluctuations below but near the 
surface will produce concentrations that 
have the beta composition; ordinarily these 
would disappear in the next time instant, 
but with Zn diffusing inward, adjacent 
regions reach saturation and prevent their 
dispersion; accordingly they become stable 
nuclei. 

Similar arguments can be advanced for 
the generation of alpha brass from beta 
by dezindng, and also for the formation of 
beta on alpha by the peritectic reaction. 
The identity in orientation relationships 
is, therefore, not surprising, for the argu- 
ment requires that all three types of 
reaction consist in simple precipitation 
from solid solution.* 

The temptation is strong to extend this 
principle into a general law, stating that 
the same two lattice t3q)es, whatever their 
composition, and in whatever alloy system 
they might occur, exhibit the same lattice 
orientation relationships. For example, 
Fe-Ni alloys exhibit the f.c.c. — > b.c.c. 
transformation, and develop the same 
Kurdjumow and Sachs relationship and 
the neighboring Nishiyama relationship as 
the f.c.c. alpha and b.c.c beta phases in 
the Cu-Zn system;* the same relationship 
is found between f.c.c. gamma Fe and 
b.c.c. alpha Fe,^’^ and between f.c.c. 
austenite and b.c.c. ferrite in proeutectoid 
ferrite,^ in bainite^* and in tempered 
martensite;^ and it is again found to occur 
between the f.c.c. alpha and b.c.c. beta 
phases in the Cu-Sn,^®*^® Cu-Al®^ and 
Ag-Zn*® systems.f In the Fe-N system, in 
which b.c.c. alpha Fe precipitates f.c.c. 
FCiN, the composition planes have high- 
order indices, but the lattice orientation 
relationships, which have not been com- 
pletely determined, are probably very dose 

* The orientation relationships observed 
between metals and the oxides formed upon 
them, and among oxides formed one upon 
another. may be argued injthe same way. 

t When transition lattices of the martensite 
type occur, forming by homogeneous shear 
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to the Kurdjumow and Sachs relationship. 
In the Cu-Pd superlattice, however, where 
on cooling the random high-temperature 
f.c.c. lattice transforms to the ordered low- 
temperature b.c.c. lattice, the orientation 
relationship is quite different.® Excluding 
superlattices, and not attempting to 
include any statement concerning compo- 
sition planes (thus leaving out of consider- 
ation the sequence of shearing mechanisms 
by which the new lattice forms from the 
old), the general principle is not in con- 
tradiction with information now available. * 

Summary 

1. The orientation relationships between 
phase layers formed by diffusion in the 
Cu-Zn system have been determined. 

2. The alpha phase formed on beta, and 
the beta phase formed on alpha, at tem- 
peratures of 400® and 7oo®C., take orienta- 
tions clustering about the Kurdjumow and 
Sachs and the Nishiyama relationships. 

3. The beta phase formed on gamma, 
and the gamma phase formed on beta, at 
temperatures of 400® and S5o®C., take 
orientations with all cube axes in the two 
phases parallel. 

4. These are the same orientations that 
occur when these phases form by precipi- 
tation on temperature change and when 
beta forms from alpha by the peritectic 
reaction. A mechanism is described which 
explains this identity in orientation rela- 
tionships as originating in an identical 
process of nudeation. 

and not by nudeation and growth, complex 
composition planes appear, > and these are 
sometimes observed even in reactions of the 
nudeation type.^*.!^ yet even in these the 
orientation relationships between the new and 
the old phase are the same as those occurring 
in ordinary predpitation. 

* It will be observed that in all cases cited 
the two phases are adjacent in the system, and 
that there is no ^at difference in mean atomic 
volume. In reactions where the atomic volumes 
of the respective lattice t3rpes have a greater 
difference, it is possible that new orientations 
may be observed, and if this should be so, the 
general prindple will require modification, 
though not the limited prindple. 


5. These results confirm the prindple 
that orientation relationships obtaining 
between the same two phases are identical 
whatever the t3q)e of phase change in- 
volved. This prindple probably can be 
generalized to refer to any two lattice 
t3rpes, whatever their composition; limita- 
tions on the general prindple are discussed. 
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DISCUSSION 
{Robert TreuHng presiding) 

R. Tkeuting,* Murray HiU, N. J.— There 
is one question I should like to ask Dr. Barrett. 
He mentioned, in reference to Fig. 5, that 
he found that recrystallization took place 
foUowing the diffusion heat-treatment. I 

* Bell Tdephone Laboratories. 
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should be very much interested to know his 
thoughts as to the source of the recrystalliza- 
tions, residual strains, or whatever other 
mechanism it may have been. 

J. H. Frye, Jr.,* Bethlehem, Pa. — Dr. 
Barrett points out that precipitation occurs 
in such a way that a particular plane of the 
precipitated crystal forms parallel to a definite 
plane of the host crystal. For example, (no) of 
the precipitate might form parallel to (in) of 
the matrix. Is it possible to explain why these 
two planes, and not some other two, should be 
parallel? 

C. S. Barrett. — There seems to be no simple 
rule that will cover all cases. A review of 

•Lehigh University. 


published data for many alloy systems shows 
that a precipitated plate will not necessarily 
grow on a plane of greatest atomic density, 
nor even on a plane containing one of the 
closest packed rows of atoms, nor on the planes 
of cleavage, slip or twinning. It can be said, 
however, that in most allo}^ the atomic planes 
facing each other across the interface between 
the phases have very similar atom patterns 
and atom spacings, which would make the 
energy of the interface very small. Perhaps 
the new phase forms in such a manner as to 
cause the least increase in the energy of the 
system, or perhaps in some alloys the deter- 
mining thing is the activation energy that is 
required to shear or distort the existing crystal 
into the structure of the precipitate. 



Factors Affecting Rates of Work-hardening in Primary 
Substitutional Solid Solutions 

Bv J. H. Fsiffi, Jk.,* ank C. P. Son,* Mbubxxs A.I.M.E. 

(New York Meeting, Pebitiary 1944) 


A PiaMARY substitutional solid solution 
is a solution that has the same crystalline 
structure as the solvent metal, and in 
which solute atoms have replaced solvent 
atoms at random on the host lattice. 
This replacement usually results in an 
increase in hardness as measured by 
conventional penetration tests. The factors 
controlling this hardness increase have 
been investigated in some detail for copper 
and silver alloys.^“* It has been shown 
that at least foui: factors are involved: 
(i) concentration of solute, (2) row of the 
periodic table from which the solute is 
taken, (3) increase in lattice parameter of 
the solvent produced by the solute, and 
(4) work-hardening produced by pene- * 
tration of the hardness indenter.*»* 

The last factor is of the utmost im- 
portance. An investigation of the available 
data^'^ leads to the conclusion that the 
solutes that produce large hardness in- ' 
creases in copper or silver do so principally 
because th^ increase the rate of work- 
hardening. Furthermore, it is doubtful 
whether any solute produces appreciable 
hardening in the absence of plastic de- 
formation and hence work-hardening. 
Thus it is dear that an understanding 
of the effect of sblutes on rate of work- 
hardening is essential to an uUderstaniding 
of the hardness of solid sdutipns. 

Manuscript received at the . office of the ^ 
Ijie 1 ;itute Nov. 37. I 943 - Issued as T.P. 171X in 
METAiLfe Technology, April 1944! * 

* Department of MetaUurgLcal .Bngtneetjxkg, 
Lehigh university, Bethlehem, Pennsylvania. 

^ References are at the end of , the paper. 


This effect of solutes is also important 
in forming operations such as rolling or 
deep drawing. The presence of elements 
that confer rapid rates of work-hardening 
will increase power consumption and may 
well decrease the amount of deformation 
possible between anneals. 

This paper is the report of an investiga- 
tion of the factors that control rates of 
work-hardening in copper and silver solid 
solutions. The silver and copper alloys 
considered are those in which all solutes 
are from the B subgroups or second short 
period of the periodic table. Experience 
with hardness, with structure of alloys, 
and with electrical conductivity has 
proved that results of a fundamental 
nature are most likely to be obtained if 
alloys are made up on the basis of the 
positions of the constituent elements in 
the periodic table. 

In previous work, Meyer analysis data 
on high-purity copper and silver solid 
solutions were obtained through careful 
measurements with fully calibrated equip- 
ment and these data were corrected to 
correspond to a standard grain size. From 
these corrected Meyer analysis data 
rates of work-hardening have now bemx 
calculated. 

' , I I ^ 

CAi.cnLAiioN OF Rates op Wokk- 

BAEDENtNG 

The Meyer ^al3rses^ on which this 
study of rates of wolk-hardening ^ based, 
consisted iif determining . impr^ion 

III 
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fliameters produced by a 4-inin. ball 
forced into tbe metals or aUoys under 
various loads. Penetration of a testing 
ball results in work-hardening, which 



Fig. I. — ^Increase in hardness due to 
PLASTIC deformation PRODUCED BY PEIUJTRA- 
TION OF A 4-MIlLIMETERBALl INTO PURE COPPER 
AND INTO COPPER CONTAINING VARIOUS ATOMIC 
PERCENTAGES OF ARSENIC. 

inaeases with increasing penetration. It is 
possible from such data to construct curves 
for hardness vs. impression diameter which 
are essentially stress-strain curves.® Typical 
curves are reproduced in Fig. i.® These refer 
to pure copper and to copper-arsenic solid 
solutions of the atomic composition indi- 
cated. They cover the range from a i 
to 4-mm. impression, which is roughly 
the range covered in the experimental 
measurements. The slope of such curves 
at any point gives the rate of increase of 
hardness with impression diameter and 


this is a measure of rate of work-hardening. 
For purposes of this paper rate of work- 
hardening will be defined as rate of increase 
of hardness with impression diameter. 



Fig. 2. — Relation between rate of work- 
hardening AND EXPANSIONgOF CRYSTAL 
LATTICE OF SlIVER PRODUCED BY VARIOUS 
SOLUTES. 

The two upper curves refer to a i-mm. im- 
pression; the two lower curves to a 4-mm. 
impression. Plain rectangles refer to solutions 
containing 2 atomic per cent solute and 
rectangles with crosses refer to solutions 
containing 4 atomic per cent solute. 

The M^er’’ hardness is defined as 

P * AL/vd^ 

where 

P « M^er hardness, 

L « load, 

d = impression diameter. 

It has been shown that 
L = ad^ 

where a and n are constants. 

It follows that 


P — Add^^jv 

The slope of curves such as those of Fig. i 
at any given point is then given by the 
equation 

dP/dd « 4o(« — 2)i*~*/ir 
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From previously publislied Meyer analysis increment for solutions in which both 

data,*»^ values of dF/M have been cal- solute and solvent are from the same 

culated for i-mm. and 4-mm. impressions, period of the periodic table. It is believed 

These have been designated respectively that most points are accurate within the 



Fig. 3. — ^Rbxaxion betwieen rate of work-habdenino and escpansion of crystal lattice of 

CORKER PRODUCED BY VARIOUS SOLUTES. 

The two upper curves refer to a x-mm. impression; the two lower curves to a 4- mm . impression. 
Plain rectangles refer to solutions containing 2 atomic per cent solute and rectangles with crosses 
refer to solutions containing 4. atomic per cent solute. 


as dFa/dd and dF^/dd* The M^er hard- 
ness corresponding to a 4-niin. impression 
for these alloys is rou^y double that 
corresponding to a i-mm. impression. 
Thus these values cover a considerable 
range of work-hardening. Values have been 
listed in Table i together with atomic 
percentages of solute and changes in 
lattice parameter of the solvent s produced 
by the solute.***’* 

Factors Afeectino Rate of 

WORE-HASDENING AND HaRBKESS , 

In Figs. 2 and 3, rate of work-hardmng 
has been plotted against lattice-parameter 


limits indicated by the rectangles. Lattice- 
parameter increment is the difference 
between the lattice parameter of the pure 
metal and that of the solution. It is dear 
from this figure that at least three variables 
are involved. These are concentration of 
solute, plastic deformation as measured by 
impression size, and lattice esqpansion 
produced by the solute. When the first 
two ^variables are hdd constant, a linear 
rdation within limits of experimental 
error is revealed between rate of work- 
luurdeoing ^d latti<% expansion. Table i 
shows, for the silver alloys at least, that 
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this would have greatly increased costs, since 
some of the elements used — silver, gold, 
indium — were quite expensive. 

We are glad to have his valuable suggestion 
about the use of small specimens in a com- 
pression test and I only regret that it was 
impossible for him to make it at a much earlier 
date. Any change now would involve the 
virtual abandonment of a large body of con- 
sistent data. This is important because one of 
the chief difficulties in developing a satisfactory 
theory of solid solution hardness has been the 
impossibility of comparing data by different 
workers using different tests, purities, etc. 
It would therefore seem to me better to con- 
tinue to add to this body of data than to 
embark now on a new type of test. 


Member. — Did the authors try to plot data 
for the same hardness number, as for the same 
indentation diameter? If so, what were the 
results? 

J. H. Frve, Jr.— T his is a very interesting 
question. In order to answer it the authors 
have calculated rates of work-hardening at 
constant hardness for the copper allo)^. Rate of 
work-hardening has been plotted against 
parameter increment for different hardnesses 
and different solute concentrations. The curves 
obtained were similar to those of Fig. 3, and, 
within limits of experimental error the authors 
were unable to observe any significant differ- 
ence except that rate of work-hardening 
increased more rapidly with parameter incre- 
ment than in the curves of Fig. 3. 
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That grain size has a great effect on 
the mechanical properties of metals has 
been recognized for a long time. Bassett 
and Davis^ in 1919 did excellent work in 


It is well known that at high tempera- 
tures coarse-grained test bars creep less 
than fine-grained bars. The ration 
between grain size and size of test bar. 



Fig. I, — Schematic representation or grain-growth characteristics or copper. 


determining the effect of grain size on the 
hardness of brass. About the same time 
Jeffries* and Sykes* ascertained the effect 
of grain size on the strength and ductility 
of several metals at temperatures ranging 
from 8o®K. to ‘their melting points. 

When creep was recognized as an im- 
portant property of metals, those engaged 
in the study of this property tried to 
determine the effect of grain size**^ on 
creep rates. Unfortunately, most of the 
investigations were conducted bn only 
two grain sizes, often designated simply 
as ‘^fine” and ** coarse.” 


Mantuscript received > at the office ' o£ the 
Institute Nov. 29. 1943. Issued as T.P. 1690 in 
Metals Technology, February 1944. 

* Research Laboratory, Electric, 

Co., Schenectady, N. Y. , , 

^ References are at the of the peeper. 
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however, has been frequently overlooked. 
In his early work, Jeffries* showed that 
the number of grains in the cross section 
has a more important iniluence on the 
properties of the material than the actual 
grain size. More recently Hanson and 
Sandford^* and PeU-Walpole,ii‘ in their 
measurements of the creep and tensile 
properties of tin, tested a wide range of 
grain sizes and correlated the grain size 
with. the strength. Hanson* later estab- 
lished the rdation between the number of 
grains in the cross section and the creep 
rate. 

At high tempenitures, generally a coarse- 
grained structure is considered imperior 
in dreep to a fine-graihed structure, but 
it is evideUt that for a g^ven bar size con- 
tinuously increasing the gprmh size will 
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not produce a corresponding continuous 
increase in strength. Creep tests on single 
crystals* have shown them to be extremely 
weak. Consequently, when the grain 

STRESS SOfiOO POUNDS PER SQUARE INCH 
1500 GRAINS PER SQUARE MILLIMETER 



TIME IN HOURS 

Fig. 2.— Typical creep curve. 


diameter approaches the bar diameter, the 
creep rate must increase. 

From this evidence it is apparent that 
at high temperatures there must e?ist 
an optimum grain size; therefore a mini- 
mum creep rate. This has been suggested 
by Hanson,® Wheeler,^* and others. Since 
most creep tests have been made on bars 
of the same diameter, it has not generally 
been considered that the optimum grain 
size may depend on the size of the test bar. 
The relation between bar size and grain 
size becomes eyident in view of the fact 
that a grain diameter of Jfe in- is a single 
crystal in a ffe-in. bar, but constitutes a 


relatively fine-grained structure in a i-in. 
bar. 

Creep studies are complicated also by 
many other variables that influence the 
results, such as stress, temperature, strain- 
hardening, structural stability, alloying 
elements, microstructure, predpitation- 
hardening, grain size, test-bar size, en- 
vironment. No single variable can be 
evaluated properly unless all other vari- 
ables are controlled. 

The appraisal of the grain-size effect 
has been further complicated because 
most of the studies have been made on 
steels having rather complicated struc- 
tures. In the low-alloy, creep-resistant 
steels, the variables are extremely difficult 
to control and the measured creep rates 
are influenced generally by several uncon- 
trolled factors. Structural variations such 
as the change in spadng of the pearlite 
lamellae occurring coinddentally with the 
change in grain size may often influence 
creep more than grain size. Various 
alloying elements also may exert an 
influence that overshadows the effect 
of grain size. In many instances the results 
are not dear cut, and a quantitative 
evaluation of the effect of grain size is 
impossible. 

Copper was chosen for the study reported 
herein with the hope of avoiding many of 
the usual complications. The high purity 
(99.98 per cent Cu) and simple nature of 
this metal should allow the accurate 
evaluation of grain size and test-bar size. 

A testing temperature of 2oo®C. was 
chosen because a great many other high- 
temperature data are available for this 
temperature. 

EXPERIMENrAL PROCEDURE 

The material used for the experiments 
was an oxygen-free high-conductivity cop- 
per, the analysis of which is given in 
Table 1. Test bars .of various sizes (0.505, 
o- 37 Sf, and o.i6o-in. diameter) were ma- 
chined from a i-in. rod. The bars were 
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annealed at different temperatures in 
purified nitrogen, to develop various grain 
sizes, and then subjected to creep tests 
at 200®C. (±1®). The temperature was 


and ailo3rs. Intermediate grain sizes were 
obtained by slightly cold-working the 
i-in. bar before machining and annealing. 
This procedure shifted the small and large 



Fio. 3. — Relation between stress and creep rate. 


uniform over the entire gauge length of 
the creep bars. 

During the annealing of the bars, it 
was found that the grain size did not 


Table i. — Analysis of the Copper 
Per Cent 


^ 

Fe 

Pb 

s 

o.oosa 

0.0015 
0.0009 

As 

0.0004 

0.0008 

Ni 

Bi 

0.0001 

Te 

. 0.0003 

Se 

0 . 0003 

Mn 

........ 0. 003 

Sn 

........ 0. 00005 

Sb 

0,0009 

0 

■ Frso 

Ctt (bal.) 

99.988 


increase continuously with increasing tem- 
perature, but increased discontinuously, 
as shown schematically in Fig. i. At the 
temperature Ti, the grain-size in a few 
regions suddenly became very large. A 
slight increase in temperature caused more 
large grains to form, but the remaining 
small ones did not grow appreciably. 
The percentage of large grains increased 
with temperature until at temperature Ts 
all grains were coarse. Heating tq higher 
temperatures caused slight additional grain 
growth. This type of grain, growth has 
been observed in many other me^Is 


ranges of grain size to different actual 
grain sizes but did not change the grain- 
growth characteristics previously described. 

Creep rates were measured in a con- 
ventional manner by dial gauges, which 
indicated the relative motion of extension 
rods attached at each end of the gauge 
length. Gauge lengths of 2}^ in. were 
used for the 0.505 and 0.375-in. bars and 
1 in. for the 0.160-in. bars. 

Bars were prepared in sets of four, so 
that tests at four stresses could be made 
for each bar size and each grain size. 

Results 

A typical creep curve is shown in Fig. 2. 
The constant rate, shown as stage 2, was 
used for coihparing the creep rates. Tests 
were made at stresses of 12,000, 15,000, 
' 18,000 and 20,000 lb. per sq. in. on each 
set of bars. The relation between stress 
and creep rate can be expressed by a 
hyperbolic ^e function, which for a 
certain range of stress can be approxi- 
mated by an e^onential function. The 
experimental data seem to fall within 
this range of stress because a straight line 
is formed wh^ the stress is plotted against 
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the logarithm of the creep rate. At stresses 
near the tensile strength, deformation 
occurs much more rapidly than would be 
expected from the hyperbolic sine law. 



Such high loads apparently cause deforma- 
tion by slip as well as by creep. 

The curve obtained when the stress is 
plotted against the logarithm of the creep 


rate is shown schematically in Fig. 3. 
The straight part of the curve indicates 
the range where most of the experimental 
data fall. Creep rates obtained on the 
o. 1 60-in. diameter bars are shown in 
Fig. 4. These results clearly indicate the 
existence of an optimum grain size. Those 
on 0.375 and 0.505-in. bars did not show 
such a pronounced grain size effect (Figs. 
5 and 6). The variation of creep rate with 
grain size was less than the experimental 
error in determining the creep rate. Grain 
size seemed to have very little influence 
on the creep rate of the large bars, whereas 
a pronounced effect was observed with 
the small bars. 

This observation suggested that oxida- 
tion of the small bars was influencing the 
results. Such an effect had been observed 
for steels;'^ small bars were found to be 
considerably weaker than large bars 
because of the life-shortening effect of 
oxidation. Consequently, it was con- 
sidered advisable to determine the role of 
oxidation. This was done simply by cad- 
mium-plating two sets of small bars 
(after heat-treating) and repeating the 
creep tests. The data shown in Fig. 7 
indicate that oxidation played a major role 
in the original results. The effect of grain 
size could not be evaluated precisely, 
but the results with the cadmium-plated 
bars suggest that grain size has little 
effect on the creep rate. This is in agree- 
ment with the results on the larger bars. 

An idea of the range of grain sizes 
studied can be obtained from Fig. 8, in 
which the stress required to produce a 
cre^ rate of o.oi per cent per hour is 
plotted against the logaritW of the 
number of grains in the cross section. 
This stress is independent of grain size, 
within the limits of experimental error, 
for each bar size. The small bars, however, 
crept considerably faster than the large 
bars at high stresses, but at low stresses 
the creep rates of the small bars seem to 
approach those of the large bars. For 
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stresses around 10,000 lb. per sq. in., by Hanson,* who determined the room- 

neither grain size nor bar size seems to temperature creep rate of tin specimens 
affect the creep rate of copper. having i to 1000 grains in the cross section. 

The creep rate for the two larger bar Under a stress of 500 lb. per sq. in., a 


BAR DIAMETER 0.375 
• 3 6 RAINS/MM* 

O 128 SRAINS/MM* 


S 19,000 
u 18,000 
1 17,000 

K 16,000 


12,000 

ft 

@ 11,000 



■■Hill 

■Qlllll 

■illlll 


CREEP RATE- PERCENT PER HOUR 

Fig. $. — Stress versus creep rate tor 0 . 37 S-INCH diameter bars with various grain sizes. 


BAR DIAMETER 0.509 
• 3 GRAINS /MM* 
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CREEP RATE - PERCENT PER HOUR 


Fig. 6 . — Stress versus creep rate por 0 . 50 S- 1 NCH diameter bars with various grain sizes. 


sizes was found to be independent of the 
number of grains in the cross section, even 
though the number of grains varied a 
thousandfold.* This was a rather sur- 
prising result in view of the results reported 

♦The number of grains per square xnilH- 
meter varied over a ranse of to z.qoo. 


single crystal elongated 24 per cent per 
day; a specimen with 300 grains in the 
cross section had the lowest creq) rate, 
which was 0.35 per cent; and a bar with 
1000 grains in the cross section had a 
creep rate of 2.0 per cent. Consequently 
it seemed advisable to consider some of 
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the Other high-temperature properties of 
the copper to see whether a better under- 
standing of the results could be obtained. 
In previous rupture tests on this copper 


grained ones, because it is acknowledged 
generally that the smaller grain sizes 
result in higher strength when tests are 
made below the annealing temperature. 


BAR DIAMETER O.ieO" 

• 24 GRAINS /MM* CD PLATED 
02000 GRAINS/ MM* CD PLATED 
LINE -8 GRAINS/MM* UNPLATED 



Fig. 7. — Stress versus creep rate por o.i6o-inch diameter bars cadmium-plated to reduce 

OXIDATION AS COMPARED WITH THE STRONGEST UNPLATED BARS. 


at i5o®C. the fractures were intergranular; 
•hence it was concluded that the testing 
temperature of 2oo®C. was considerably 
above the “equicohesive temperature.”* 
According to the findings of Jeffries and 
Archer,^* the small grain sizes should 
have been weaker than the larger ones. 

The annealing characteristics of the 
copper were investigated to see whether 
they would aid in the understanding of 
the results. Pieces were reduced cold lo, 
25? 5o> 75 i fi-nd go per cent. Separate 
pieces were heated for 20 hr. at various 
temperatures. The diamond pyramid hard- 
ness was measured on each piece after 
heating (the load used was 25 kg.). The 
results are shown in Fig. 9. Considerable 
softening does occur at 2oo®C. in the 
highly cold-worked material, but the 
slightly worked material does not soften 
appreciably in 20 hr. These results would 
lead one to believe that the fine-grained 
bars should be stronger than the coaxse- 

♦Por a complete description of **equicohe- 
sive temperature/' see Jeffries and Archer.** 


These two apparently contradictory 
considerations may help to explain the 
results. It seems possible that the testing 
temperature was exactly right for the 
strength to be independent of grain size. 
At other temperatures, however, the 
strength might be a function of grain size. 
Creep tests are by nature rather extensive 
and it has not been possible as yet to 
extend these studies to other temperatures. 

The bar-size effect may be due in part' 
to the weakening effect of oxidation. 
Whether or not this could account for the 
entire difference in strength is not known. 
Certainly the cadmium plating did not 
entirely prevent oxidation, and it is 
impossible to predict what results would 
be. obtained if tests were conducted in 
a neutral or reducing atmosphere. It 
may safely be concluded, however, that 
in air a bar-size effect is to be expected. 

Summary 

Creep tests were conducted on an 
oxygen-free high-conductivity copper at 
/ 
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200® C. to determine the effect of grain size 
on creep rate. 

Grain sizes ranging from 3 to 1500 grains 
per square millimeter were tested in 



aiva d33ti9 dnoH a3d 
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bars of 0.160, 0.375, and 0.505-in. diameter. 
Xhe number of grains in the cross section 
of the test bars varied a thousandfold. 

The creep strength was found to be 
independent of grain sL^e for each bar 
size. The two larger sizes had equal 


strength, but the small bars were con- 
siderably weaker, particularly at high 
stresses. 

The small bars seemed to be oxidized 

20 HOURS AT TEMPERATURE 
• 10% COLO REDUCTION 

0 25 % COLD REDUCTION 
X 50% COLD REDUCTION 
Q 75% COLD REDUCTION 
A 90%' COLD REDUC*nON 



HEAT TREATING TEMPERATURE 

Fig. 9. — Softening cxteves for OFHC copper 

WITH VARIOUS AMOUNTS OF COLD-WORK. 

considerably, and their high ratio of 
surface to volume suggested that oxidation 
was weakening the bars. Some small 
bars were cadmium-plated and tested. 
These bars were considerably stronger 
than the unprotected ones. Hence it 
seemed that some of the difference in 
strength between large and small bars 
was due to oxidation. 
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DISCUSSION 

(W, B. Price presiding 

A. A. Smith, Jr:,* Barber, N. J. — One 
thing puzzles me; that is, the effect of 
grain size. I think almost every investigator 
of the creep of metals has found that there 
are major effects of grain size. The work of 
Hanson, Chalmers and others, plus the great 
deal of work we have done in our laboratory 
on the creep of lead, has indicated that there is 
considerable grain-size effect. 

I would like to point out to the authors 
that their creep data are hardly in the range 

* American Smelting and Refining Company. 


of what wc would consider creep. As I recall 
it from looking at the curves, the lowest 
rates they have is something in the order of 
two or three thousandths of a per cent per 
hour. That is hardly what we would consider 
a creep range. When we talk about creep, 
we are usually interested in rates of a tenth 
of one per cent per thousand hours. I almost 
consider that their tests are slow tensile 
tests rather than true creep tests. I wonder if 
that does not have some bearing upon the 
fact that they show no effect of grain size. 

J. S. Smart, Jr.,* Barber, N. J. — ^In their 
description of the method of preparation of 
the samples, the authors have not mentioned 
the details of the processes used to produce the 
variations in grain size. These could have 
been obtained either by using very high anneal- 
ing temperatures to ensure grain growth or 
by using light passes followed by lower anneal- 
ing temperatures sufficient to produce recrys- 
tallization. If the samples were cooled rapidly, 
or quenched, the type of annealing treatment 
employed becomes of interest in creep testing 
because it determines whether certain im- 
purities are present in solid solution or 
as precipitates. The resultant differences 
may very well be negligible, but until they 
have been evaluated it would appear desirable 
to provide this information to ensure the 
permanent value of the present work. 

H. L. BuRGHOFFjt Waterbury, Conn. — ^First, 
I want to recall some creep data on brass wire 
in the annealed condition, which was included 
in a paper^ presented by our laboratory in 
1942. In that paper we showed a correlation 
between grain size for this annealed material 
and creep strength, at 204®C. (40o®F.) and 
26o°F. (5oo°F.). Grain sizes ranged up to 
0.200-mm. diameter, and it was found that the 
creep strength increased as the grain size 
increased. 

I think it would be quite interesting if the 
authors could give us some definite idea of the 
times involved in more of these tests. They 
show a typical creep curve for a test lasting 
only 50 hr., the stress being one of the highest 

* American Smdting and Refining Company. 

t Chase Brass and Copper Company. 

^ H. L. Burghoff, A. I. Blank and S. E. 
Maddigan: Trans, Amer. Soc. Test. Mat. 
(1942) 42, 668. 



DISCUSSION 


I2S 


listed in the paper. Probably the tests at 
lower stresses were carried on for a con- 
siderably longer time. This time factor would 
certainly be involved in the oxidation men- 
tioned in the paper. If there is an effect 
of oxidation, it is conceivable, I think, that 
the creep rate would vary as oxidation pro- 
ceeded. I find it a little difficult to believe that 
oxidation at 200® C. is a very important factor 
if the test periods are relativdy short. 

Perhaps the authors have more definite 
ideas on the mechanism of the protection 
offered by the cadmium plate. Further, I 
wonder what actually happens to the cadmium 
plate. Is it in turn oxidized or is there any 
possibility of diffusion to the copper during 
the course of the test? The rate of diffusion 
of cadmium in copper is known to be low, 
but this is another factor that might alter 
the apparent creep strength. 

E. R. Parker and C. F. Rhsness (authors’ 
reply). — Mr. Smith has suggested that the 
stresses used were above the range usually 
considered in creep testing. Undoubtedly 
it would be advisable to continue the investiga- 
tion in the lower stress range. 

In answer to Mr. Burghoff’s remarks, the 
creep curve illustrated in Fig. 2 was for a 
stress of 20,000 lb. pen sq. in. That was a 
short test carried out to fracture. The tests 


at the louver stresses were continued for 500 hr., 
or until the creep rate appeared to be constant. 

As far as could be observed, there was very 
little oxidation of the cadmium plating on the 
small bars. 

Mr. Smart has requested more specific 
information as to the processes used to produce 
the various grain sizes. The treatments applied 
to each set of bars are summarized in Table 2. 
The material as received was in the hot-rolled 
condition. 


Table 2. — Treatments 


Bar 

Diam- 

eter, 

In. 

Cold 
Re- 
duc- 
tion, 1 
Per 
Cent 

Annealing Treatment^ 

Number 
of Grains 

Mm. 

o.sos 

0 

I hr. 400° C. in evacuated 
quartz tube 

I hr. 8so*C. in nitrogen 

128 

O.SOS 

0 

3 

0 50s 

SO 

1 hr. 400‘^C. in nitrogen 

i,SOO 

0.37S 

0 

I hr. 400 °C. in evacuated 
quartz tube 

I hr. 850* C. in nitrogen 

128 

0*375 

0 

3 

0.160 

0 

I hr. 400®C. in evacuated 
quartz tube 

I hr. Sso^C. in nitrogen 

128 

0 160 

0 

3 

0.160 

89 

I hr. sooPC. in air 

1,500 

o.z6o 

89 

I hr. 8so®C. in evacuated 
; quartz tube 

I hr. 400°C. in evacuated 
i quartz tube 

I hr. 850 °C. in nitrogen 

8 

0.160^ 

89 

2,000 

0 . 160^ 

89 

34 


• All bars were furnace cooled at a rate of ioo‘*C. 
per hour. 

^ Bars cadmium plated after annealing. 



Effect of Cooling Rate and Minor Constituents on the 
Rupture Iraoperties of Copper at 200°C. 

By D. L. Martin* and E. R. Parker,* Junior Members A.I.M.E. 

(Chicago Meeting. October xp43) 


In a previous paper^ one of the authors 
observed that the rate of cooling from the 
anneal prior to testing greatly influenced 
the life of copper under sustained load at 
200®C. Furnace-cooled bars of oxygen-free 
copper (with and without silver) had a 
life four to twenty-five times that of the 
water-quenched specimens. The addition 
of 0.054 per cent silver to the oxygen-free 
copper increased the life at a stress of 
20,000 lb. per sq. in. from about 2 hr. 
to 50 hr. Fratfrtures in these bars were 
intercrystalline. 

An explanation was advanced to account 
for the profound influence of cooling rate 
on the rupture properties at 2oo°C. The 
suggestion offered was that at the high 
annealing temperature the minor con- 
stituents are distributed at random.- By 
water quenching, this condition is main- 
tained at room temperature, whereas 
furnace cooling permits some segregation 
at the grain boundaries. The higher 
concentration of the minor constituents 
in the grain boundaries results in a strength- 
ening, so that a longer life at a given stress 
and temperature results. Small amounts 
of cadmium or manganese have also been 
found to increase the life of copper at 
2oo*C., and to a much greater extent 
than silver.® 

The increase in the long-time strength 
of copper resulting from small additions 
of cadmium or silver appears to be related, 

Manuscript received at the office of the In- 
stitute July 12, 1943. Issued as T.P. 1638 in 
Metals Technology, December 1943. 

Research Laboratory, Gener^ Electric 
Co., Schenectady, N. Y. 

1 References are at the end of the paper. 


indirectly at least, to the higher softening 
temperatures of such alloys. The elements, 
such as silver or cadmium, which greatly 
increase the rupture life of copper also 
cause large increases in the softening 
temperature. As little as 0.05 per cent of 
cadmium or silver is sufl&dent to raise the 
softening temperature more than loo®.*-^ 

The effects of cooling rate and of minor 
constituents on the rupture properties are 
of considerable fundamental as well as 
practical interest; therefore a more detailed 
study of their nature was conducted and is 
reported in this paper. 

Experimental Procedure 
Materials 

The materials studied in this investiga- 
tion may conveniently be classified in 
two groups: one consisting of a wide 
variety of commercial coppers, and the 
other composed of special high-purity, 
laboratory-prepared coppers. The com- 
mercial materials were tested to determine 
whether or not the effect of cooling rate 
occurred with all coppers, whereas the 
high-purity coppers were investigated in 
order to establish a basis for evaluating 
the effect of minor constituents on the 
rupture properties. 

In Table i are given the anal3^es of the 
coppers tested. The samples i to 6 are 
commercial materials and were obtained 
for the most part from stock supplies.* 

*We are indebted to Mr. C. H. Hannon. 
Pittsfield Works, General Electric Co., for the 
samples Nos. 5 and 6, and to Dr. A. J. P hilli pg. 
of American Smelting and Refinixig Co., for 
Nos. 3, 4, 7, and 8. 
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The special laboratory coppers (Nos. 7 
and 8) were prepared by the Central 
Laboratory of the American Smelting and 
Refining Co. Extreme caution was used in 


in. area) for a i-in. gauge length. The test 
specimens were annealed at 8so®C. for 
one hour in a purified nitrogen atmos- 
phere,* except the high-purity copper, 
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Fig. I. — Rupture curves for oxygen-free copper. 
Annealed in nitrogen at 8so°C, for one hour prior to cooling. 


preparing this copper in order to obtain a 
material 99.999 per cent pure or better.® 
The synthetic wirebar material (No. 7) 
was made by adding the impurities com- 
monly found in commercial wirebar to the 
molten high-purity copper under condi- 
tions to give an oxygen-free copper. We 
were very fortunate to obtain these special 
coppers for our investigation, as it was 
necessary to test a copper essentially free 
from all impurities in order to evaluate 
properly the effect of minor constituents 
on the rapture properties. 

Method of Testing 

All the coppers were tested in air at 
2oo®C. in a vertical rupture furnace by 
subjecting test bars to various constant 
loads and measuring the time required for 
fracture. Elongation and reduction of area 
valu^ were determined after fracture. The 
test specimens were machined from cold- 
swaged 0.25-in. diameter rods and were 
2 in. long with quarter-twenty threads at 
each end. The diameter of the center 
portion of the bar w^ 0.159 ^ (0.020 ,sq. 


which was heated in vacuum (3 X io“® 
mm. pressure). Half of the bars were 
cooled in the furnace at approximately 
ioo®C. per hour and half were water- 
quenched. 

The heat-treated bars were tested by 
suspending them with long extension rods 
in the hot zone of the rupture furnace. 
The loads were applied through simple 
levers. The temperature was automatically 
controlled within i® centigrade and the 
temperature gradient in the furnace was 
less than i® in 4 in. The life of each bar 
was measured with an hour meter, which 
was automatically tripped off when the 
bar broke. 

Results 

In Figs. I to 8 are given the rupture 
curves of the coppers listed in Table i. 
These are plotted on log-log paper, life 


* The nitrogen was passed over copper chips 
at Soo^C. several times, each peiss being fol- 
lowed by a PtO« drying treatment. Copper 
oidde (CuiO) decomposed when heated in this 
gas. 


Table i. — Analyses of the Materials 
Per Cent 
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in hours being plotted against the stress 
in pounds per square inch. 

Of particular interest is the shorter life 
of the water-quenched specimens. For 
example, in Fig. i the water-quenched 
material has a life of i8 hr. at 18,000 lb. per 
sq. in. compared with 100 hr. for furnace- 
cooled bars at the same stress. Surprisingly, 
the effect of cooling rate is very pronounced 
even in the case of the spectrographically 
pure copper (Fig. 8). 

The ductility usually is greatly reduced 
by the water-quenching treatment. The 
results plotted in Figs. 9 and 10 for copper 
No. 7 are t3rpical of all the materials tested. 

A summary of the rupture-test results 
is presented in Table 2, where the values 
for life^ dongation, and reduction of area 
are listed for various stresses. In brief, the 
effect of water quenching from the anneal- 
ing temperature is to decrease the rupture 
life and reduce the ductility of the copper. 
Spectrographically pure copper (gp.ggp-f 
per cent) responds to heat-treatment in 
the same manner as the impure coppers. 

The nature of the fracture is in general 
transcrystalline for short-time tests and 
intercrystalline for long-time rupture tests. 
Typical examples of these two types of 
failures are shown in Fig. 11.* 

Discussion or Results 
Influence of Minor Constituents 

The effect of minor constituents on the 
rupture properties is difficult to evaluate 
exactly because the role played by other 
variables such as grain size is not com- 
pletdy understood; nevertheless, a few 
qualitative statements may be made: 

I. A comparison of the data for coppers 
7 and 8 in Table 2 shows that the addition 
of as little as 0.012 per cent of minor 
metallic constituents to high-purity copper 
is sufficient to increase the^life from 9 hr. 

*A more detailed discussioTi of high-tem- 
perature failures in metals is given in a paper 
by E. R, Parker.* 
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to 220 hr. for furnace-cooled material 
stressed at 18,000 lb. per sq. in., or more 
than a twenty-fold increase. 

2. Nonmetallic inclusions such as oxides 
appear to reduce the resistance to fracture. 


coalesced copper may account for the low 
properties of this material, although the 
high purity of the material is also a factor. 

Smart and Smith^ have shown that in 
oxygen-bearing copper some metaUic im- 
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Fig. 2. — ^Rxn»TUEE curves por silver-bearing oxygen-pree copper. 
Ann^ed in nitrogen at 850^0. for one hour prior to cooling. 
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Fig. 3. — ^Rupture curves por low-mpurity tough-pitch copper. 
Aimealed in nitrogen at 8so®C. for one hour prior to cooling. 


The tough-pitch coppers (No. 3 and 4) 
are comparable in analyses to the synthetic 
wirebar copper (No. 7) except for oxygen 
content; nevertheless a i to 5 ratio exists 
for life at a given stress. Similarly, the 
presence of nonmetallic impurities in the 


purities tend to exist in solid solution when 
quenched from a high temperature and 
as oxides when slowly cooled. The reaction 
may be written, for antimony, as follows: 

aSb “f" 3CU2O SbsOs -f- 6Cu 
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At high temperatures, above 400® to 
6oo®C., the equilibrium is shifted so that 
it favors the formation of Sb + CU 2 O, 
and most of the antimony is dissolved in 


in furnace-cooled copper containing oxygen 
the elements will be present as oxides. 

Therefore, the role of oxygen in redudng 
the life might also be one of purification 
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Fig. 4. — Rupture curves por high-impurity tough-pitch copper. 
Annealed in nitrogen at 85 o°C. for one hour prior to cooling. 
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Fig. 5. — ^Rupture curves por silver-bearing tough-pitch copper. 

Annealed in nitrogen at Sso^’C. for one hour prior to cooling. 


the copper. Equilibrium conditions below 
4 (X)®C. favor the formation of antimony 
oxide. In oxygen-bearing copper water- 
quenched from above 6oo®C. the minor 
constituents, such as antimony, will gen- 
erally be dissolved in the metal; whereas 


of the copper matrix. In a fumace-cool^ 
tough-pitch copper some impurities (those 
whose oxides are more stable than cuprous 
oxide at low temperatures) would exist 
primarily as oxides; therefore the matrix 
would be a purer copper of lower resistance 
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to rupture than copper containing dis- tude for oxygen-free or oxygen-bearing 
solved impurities (that is, it would be copper of similar analyses, since the minor 
similar to copper No. 8 compared with constituents are dissolved in the matrix 
No. 7). According to this explanation, the in both coppers. This appears to be true, 



400 600 4000 
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Fig. 7- — Rupttjre curves for synthetic wirebar copper. 
Aimealed in evacuated quartz tubes at 8so®C. prior to cooling. 


furnace-cooled bars of oxygen-bearing 
coppers should be intermediate in life 
between high-purity copper and an oxygen- 
free copper of the same composition, 
v^hereas in the water-quenched samples the 
life should be of the same order of magni- 


for the furnace-cooled tough-pitch coppers 
(Nos. 3 and 4) are intermediate in life 
between the synthetic wirebar material, 
No. 8 (i.e., an oxygen-free material of 
comparable composition to the tough-pitch 
coppers), and the high-purity copper. 
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The water-quenched tough-pitch coppers 
are much the same as the synthetic wirebar 
copper in the same condition. 


bars is less for the oxygen-bearing coppers 
than for oxygen-free copper. Therefore, it 
seems likely that oxidation of the impurities 


Table 3 . — Softming Tmperaiure and Grain 
Size of the Coppers 


Coppers 


Soft- 

ening, 

°cf- 


Grain Size, 
Average 
Diameter, 
Mm. 


No. 7, synthetic wirebar. 

No. 4. tough-pitch 

No. a. OPHCr+ Ag 

No. 3, tough-pitch 

No. 6, coalesced 

No. 8, high-purity 

No. I, OPHC 

No. Si tough-pitch + Ag 


330« 

280 

37s 

250 

240 

200 

b 

& 


O.I4S-O.4OO 

0. 100-0. 14s 
O.S7S 

o.zoo-0.200 

Duplex 

0.S7S 

0.S7S-0.6S0 

0.070-0.100 


«The softening temperature was determined on 
50 per cent cold-rolled material using the half-hard 
metnod of Smart, Smith, and Phillips.* & 

* Softening temperatures were not determinel!. 


Table 4. — Effects of Grain Size and 
Annealing Temperature on Life of 
High-purity Copper at Various Stresses 



8so®C. Anneal 

500°C. Anneal 

850®C. + 
500®C. Anneal 

Stress 







Lb. per 
Sq. In. 

Hours 

Hdurs 

Hours 


P. C. 

W. 0. 

P. C. 

w. 0 . 

F. C. 

W. 0. 

18,000 

9 

1-7 

46 

42 

20 


16,500 

18 

3.5 

81 

74 

30 

x8 

Grain 







size . 

0 575 mm. 

0.050 to o.i45| 

1 0.575 


There are at least two opposing factors during cooling weakens the material, thus 
operating in furnace-cooled, oxygen-bear- partially overcoming the strengthening 
ing copper: (i) Furnace cooling is respon- effect of the furnace cooling. 



LIFE IN HOURS 

FiG. S. — ^Rxjptuee curves eor high-fubixy copper. 
Annealed in evacuated quartz tubes at 8so®C. prior to cooling. 


sible for a decrease in life because of the 
purification of the copper matrix by the 
oxidation of the impurities; (2) furnace 
cooling is also responsible for an increase 
in life as shown in Fig. 8. A possible expla- 
nation for this increased life is offered 
later in the text. The difference in life be- 
tween furnace-cooled and water-quendied 


3. The coppers with high softening 
temperatures tend to have greater resist- 
ance to rupture at 20o^C., although soften- 
ing temperature is definitely not the only 
factor involved. In Table 3 are listed the 
softening temperatures of, most of the 
coppers tested. It should be noted that 
the materials with the highest softening 
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temperatures (No. 2 and 7) last longer at a 
given stress than the purer coppers (No. 6 
and 8), which soften at lower temperatures. 
4. Grain size is an important variable. 


grains (Table 4). Likewise, No. 7 has 
smaller grains than the high-purity copper, 
No. 8; consequently the greater resistance 
to rupture possessed by copper 7 probably 





04 0^03 1 2 4 6a 10 20 40 60 100 200 400 600 

LIFE IN HOURS 

Fig. 10. — Elongation vs. ufe, synthetic werebar copper. 

Values determined on fractured bars. 


High-purity copper annealed at soo®C. 
(0.050 to 0.145-mm. grains) before testing 
had a longer life (Table 4) than when 
annealed at 850*0. (0.575-mm. grains). 

It is quite possible that the greater 
strength of the silver-bearing tough-pitch 
copper (No. 5) is due in part to its finer 


is not diie entirdy to minor constituents, 
per se. 

Influence of Cooling Rate 

I. The effect of cooling rate on the rup- 
ture properties of copper, as indicated in 
Figs. I to 8, is surprising, especially since 
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the spectrographicaJly pure copper re- 
sponds similarly to the impure coppers. 

It is natural to suspect that the high- 
purity copper Contains some impurity 
not detected spectrographically, such as 
carbon or gases, to which the observed 
effect may be attributed, so it is pertinent 
to review the history of this material and 
consider the possibility that such impurities 
may be present. 

The possibility of dissolved gases seems 
remote, since the' high-purity copper was 
melted under nitrogen.® During the process- 
ing, the bar was hot-rolled in air but 
exposed at a high temperature only for a 
few minutes. The outside portion of the 
bars was always removed dpring the 
machining of the specimens. The annealing 
treatments prior to toting were carried out 
in evacuated quartz tubes in order to reduce 
gaseous contamination to a minimum. 

There is, of course, ,the possibility of 
carbon being present, since the copper was 
melted in high-purity graphite; however, 
the electrical conductivity of the copper is 
very high (102.3) and is not changed to 
any appreciable extent by saturating with 
oxygen® (which would oxidize the carbon), 
indicating that at most there is only an 
extremely small amount of carbon in 
solution. In view of the careful preparation 
and analysis (including the conductivity 
tests) of this material by Smart, Smith, and 
Phillips, it seems likely that copper No. 8 
is 99.999+ per cent pure. 

Assuming that the high-purity copper is 
truly pure, some factor other than ** im- 
purities” must account for the effect of 
cooling rate on the rupture strength. But 
what other factors can be responsible for 
such an effect in a pure metal, which does 
not undergo an allotropic transformation? 
The answer to this question must, it 
seems, be rdated td the degree of perfec- 
tion of the crystal lattice. At hi^ tempera- 
tures the lattice presumably is less perfect 
because of local thermal fluctuations, and 
so contains imperfections in the atomic 


arrangement. In the simplest case the 
imperfections consist of vacant lattice 
sites. At low temperatures the fluctuations 
are smaller, and the lattice is more nearly 



a b 


Fig. II. — ^High-temperature psactures in 

COPPER. 

a. Short-time transcrystalline fracture.' 

b. Long-time intercrystallme fracture. 

perfect. Slow cooling from a high tempera- 
ture allows the atoms to arrange themselves 
in nearly equilibrium locations, while 
rapid cooling may tend to “trap” an 
abnormally high number of imperfections 
in the lattice. Such imperfections are 
responsible for the wealmess of metal 
crystals/ and could be especially effective 
if they were concentrated at the oystal 
boxmdaries (the fractures considered in 
this discussion are of the intercrystalline 
type). The defects in the crystal boundaries 
or lattice act as stress raisers and cause 
plastic flow to start at unusually low 
loads. Consequently, such imperfections 
weaken the i^terial.* The water-quenched 
bars should be weaker than those that 
were furnace-cooled because more imperfec- 
tions are present in the rapidly cooled 
material. 

Tlie foregoiug discussion also applies 
to the impure coppers, but the mults are 
modified slight^ by the minor constituents, 
espbdally in the presence of oxygeii. 

*For a more detailed discussioa of this 
subject the reader is referred to references 
6^ 7, 8, and 9. 
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2. If water quenching from a high 
temperature results in the. retention of an 
abnormally high number of lattice imper- 
fections, then other metals, such as silver, 
should show differences in properties with 
cooling rate. Preliminary tests on silver 
did show a definite effect of cooling rate 
on the rupture life at i5o®C.* 

3. Water-quenching from 5oo®C. should 
have less effect on the life than quenching 
from 85 o®C. because fewer imperfections 
would be present at 5oo®C., so that a 
smaller number would be “trapped” by 
rapid cooling. Tests were conducted to 
substantiate this proposal, and the results 
are given in Table 4. Variations in cooling 
rate from low annealing temperatures 
cause only slight differences in rupture 
properties. 

Influence of Lattice Imperfectixms 
on Various Properties 

I. Tensile tests at room temperaturef 
and short-time tests at 2oo®C. revealed 
little or no difference between the strength 
of water-quenched and furnace-cooled bars 
(fractures in these tests are transcrystal- 
line). Apparently the strength of the 
crystalline material was not affected by 
the cooling rate. Long-time tests at 
2O0®C. diow big differences in life between 
furnace-cooled and water-quenched bars 
(the fractures in these tests are inter- 
crystalline). It seems that the rapid 
cooling has a large effect on the strength 
of the crystal boundaries and rdatively 

* Material tested was Handy and Harman 
spectrographicaUy pure silver (99.99$ -h per 
cent). For a stress of za.ooo lb. per sq. in. the 
life was 143 hr. for the water-quenched silver 
compared with 273 hr. for the furnace-cooled 
material. 

tThe room-temperature tensile results on 
bars heated to Sso'^C. in nitrogen are: 



Tenale 

Blonga- 

Reduc- 


Strength, 

tion. 

tion of 


Lb. per 

Per C^t 

Area, 


Sq. In. 

in I In. 

Per Cent 

Watet!.qu6ii<^ed 

30,750 

43 

75 

Fuinace-cooled 

30.SOO 

44 

70 


little effect on the strength of the crystals, 
indicating that the imperfections are con- 
centrated at crystal boundaries, 

2. In addition to the rupture test at high 
temperatures, there should be other tests 
that are sensitive to the structural changes 
accompanying cooling. In general such 
tests as rupture, creep, or fatigue, which 
involve long periods of time, should, it 
seems, reveal differences in properties of 
a copper subjected to various cooUng rates; 
that is, the furnace-cooled material should 
have properties different from those of the 
water-quenched copper. 

Creep tests were made at 20o®C. on 
furnace-cooled and water-quenched speci- 
mens. A great difference was observed in 
the creep characteristics; one of the most 
outstanding examples of the effect of 
cooling rate on creep is shown in Fig. 12. 
As expected, the water-quenched bar had 
a much greater creep rate than the furnace- 
cooled bar. 

3. Internal friction is also a structure- 
sensitive property greatly influenced by 
lattice imperfections. Read^° has shown 
that the damping increases with the num- 
ber of free dislocations present. Conse- 
quently, water-quenched samples might 
be expected to have a higher damping 
coefficient than fumace-cooled bars. Damp- 
ing measurements were made on coppers 
7 and 8 in a manner similar to that used 
by Read.^® The results are listed in Table $. 
Ihe data on copper No. 7 are in accord 
with the theory. The results on No. 8, 
however, are questionable because this 
copper was very sensitive to handling. 
In one instance the damping changed by a 
factor of five because of excessive handling 
during treatment and testing.* The damp- 
ing of copper No. 7 did not .change under 
the same conditions of handling. The 
samples were handled with extreme care 
for the final damping tests: but caution 
should be used in drawing conclusions 

* Read has shown similar effects in his work 
on deformation vs. internal friction.^o 
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from measurements of such a sensitive 
property. The data for copper No. 7 at 
least seems to substantiate the proposed 
existence of more imperfections in the 
water-quenched bars. 

Table $. — Internal Fricilon^ of Coppers 7 
wnd 8 after Various Treatments 


Logarithmic Decrement, 
Per Cent 


Copper 

Initial 

State 

Cold- 

worked 

Furnace- 

cooled 

from 

8so®C. 

Water- 

quenched 

from 

8so®C. 

No., 7. synthetic 

0. II 

0 0 

01 U 

0 0 

0 0 

0 0 

No. S, high-purity. . 

0.06 


« Determined bv Dr. R. O. Fdu: and Miss Hazel 
Morris, General Engineering Laboratory, General 
Electric Company. 


4. From Read's work on damping it is 
known that cold plastic deformation pro- 
duces imperfections.^® Therefore, cold- 
deforming a furnace-cooled bar should 
introduce more imperfections* (or disloca- 
tions), and thus make the copper weaker. 
Examination of Table 6 will show that this 
is true for small degrees of prior cold-work 
(items 5 to 8 in the table) but that beyond 
a certain d^ee of cold-work the life 
increases (item 1 to 4). In other words, a 
slight degree of cold-work will shorten the 
life of a furnace-cooled sample (i.e., the 
metal “strain-weakens” instead of strain- 
hardens)* presumably by introducing addi- 
tional dislocations;t in a like manner water 
quenching from a high temperature appar- 
ently results in the retention of imperfec- 
tions which weaken the metaL 

The changing effect of cold-work on the 
life of copper in a rupture test can be 
explained by the diriocation theory of slip 
as derived by Taylor, Orowan, and 
otheis.^"^® The slip of metals occurs by 

*The term “impeifecttons" is used in the 
same sense as dislocations in the text. Other 
typek of imperfections are known to exist in 
crj^als; e.g., mosaic structures. 

t The, effect of cold-work on the life of a 
furnace-cooled sample was determined Only 
for the high-purity copper. 


motion of imperfections through the 
crystal lattice, while work-hardening re- 
sults from the stoppage of dislocations; that 
is, if the imperfections are free to move the 
metal will creep easily, but if the disloca- 
tions are locked together and unable to 
move, the metal will have a greater resist- 
ance to slip. When a slowly cooled copper 
bar (having a minimum number of disloca- 
tions) is plastically deformed a small 
amount, only a relatively few additional 
dislocations are produced, many of which 
are free to move and thus produce slip 
at lower stresses than in the furnace- 
cooled material. Larger amounts of defor- 
mation (as by reducing 10 per cent in area 
by swaging) produce greater numbers of 
imperfections but in this case they are 
apparently locked together and unable to 
move, resulting in a stronger material. 


Table 6. — Effect of Prior Cold Deformation 
on Rupture Life of High-purity Copper 
at 20O®C. 


Treatment 

CsU bars annealed 
at 8S0®C.) 

Stress, 
Lb. per 
Sq. In. 

Life, 

Hr. 

Elonga- 
tion,* 
Per Cwt 
in 1 In* 

Reduc- 
tion of 
Area,* 
Per C^t 

I. Furnace-cooled 





ioo®C. iwr 

18,000 

0 

14 

29 

2. Water- 



quenched. ..... 

3. Furnace-cooled, 

x8,ooo 

1.7 


26 

swaged, lo per 
cent i^uction 






18,000 

69 

10 

15 

4. Furnace-cooled, 

swaged, 10 per 
cent reduction 





of area 

17.250 

87 

6 

15 

5. Furnace-cooled 


ioo*C. per 

hour 

IS. 7 S 0 

4 fi 

14 

30 

6. Funuoe-cooled 


ioo®C. per 

hour, - 1 - 3 -S pe*” 
cent elongation. 
7. Furnace-cooled 

15.750 

14 

XI 

25 

25'*C. i>erhottr. 
8. Furnace-cooled 

IS. 7 S 0 

74 

13 

35 

35^0, per hour. 





bar di^tly 
bent 

15.750 

29 

13 

3 ^ 




« Measured on the ruptured bar. 


In addition to the data reported in this 
paper, other evidence^®”^* has been pub- 
which indicates that cold plastic 
deformation does not always result in a 
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material with increased resistance to dislocations move under the influence of a 
further deformation, but may, initially at cyclic stress and thereby dissipate the 
least, produce a condition more favorable vibrational energy as internal friction 
for slip. loss. In tijg gariy stages of deformation few 



HOURS 


Fig. 12.— Ckeep curves for copper No. 

Read, for example, has shown that 
internal friction is affected differently by 
small and large amounts of cold-work,^° 



fViorPwTTKinent Extension, per cent, log scale 
Fig. 1^. — ^Eppect op prior plastic exten- 
sion ON STRESS CORRESPONDING TO VARIOUS 
AMOUNTS OP OPPSET PROM PROPORHONAUTY- 
CO. S. 

Initially the damping is increased by defor- 
mation, but decreased after a certain 
critical amount of cold-work. The explana- 
tion offered by Read is that the free 


7 TESTED AT 200 ®C. IN VARIOUS CONDITIONS. 

dislocations are formed, and these are free 
to move; therefore, increasing cold-work 
results in increasing damping. After some 
deformation, the maximum number of 
free dislocations is reached. Additional 
deformation generates more dislocations, 
which unite with free dislocations and 
become “locked,” so that neither is free 
to move or dissipate energy. The internal 
friction then decreases with increasing 
amounts of cold-work. 

C: S. Smith gives additional evidence of 
“strain-weakening,” or the decrease in 
strength by plastic deformation.^'^* Stress- 
ing a 70-30 brass rod to produce a perma- 
nent set of only 0.006 per cent dropped 
the O.OC 03 per cent “offset proportionality 
limit”* from 23,000 lb. per sq. in. to 
14,500 lb, per sq, in., and further straining 
^ 1 ? 3S per cent permanent elongation 
left the proportional limit at 8000 to 
10,000 lb. per sq. in. These data are shown 
in Fig. 13. The o.oi per cent offset stress 
decreases with prior extension up to 10 per 
cent and increases thereafter; this being 

* The offset proportiohality limit is the stress 
req^ed to cause a specified deviation from the 
modulus line. 
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SO, it appears likely that the 0.0002 per 
cent offset strength might likewise increase 
at some greater prior permanent extension. 

Orowan^® gives still other examples of the 
effect of straining on the mechanical 
properties of single crystals. 

Summary 

Minor Constituents , — ^An addition of 
0.012 per cent of soluble elements to the 
high-purity copper was sufiSdent to in- 
crease the life twenty-fold (Table 2). The 
role played by soluble constituents in 
increasing the life is not dearly under- 
stood. The increased resistance to fracture 
of an oxygen-free copper containing soluble 
impurities appears to be related to the 
higher softening temperature. However, the 
effect is partly due to the smaller grain 
size of the impure copper. 

The presence of oxygen in the copper 
introduces other factors. Furnace-cooled 
oxygen-bearing copper was found to have 
a shorter life in rupture (at the same stress) 
than oxygen-free copper of the same general 
composition. 

The role of oxygtn in reducing the life 
of an alloy copper appears to be one of 
purification of the copper matrix. In a 
furnace-cooled tough-pitch copper some 
impurities exist primarily as oxides, leaving 
a purer copper matrix of lower resistance 
to rupture than copper containing dis- 
solved elements. Water quenching, on the 
other hand, retains the elements in solu- 
tion, so that very little difference exists 
between the life of quenched oxygen- 
bearing and quenched oxyg^-free copper 
of the same general analysis. The net 
effect of oxygen in an impure copper is to 
d^ease the effect of cooling rate on the 
life under sustained loads. 

Cooling Rate, — It, has been observed that 
great changes in the rupf:ure life of copper 
at 2oa®C. are caused by varying the rate 
of cooling from the annealing temperature 
(Figs. I to 8). SpedficaUy^ the f^er the 
cooling rate, the shorter the life and the 


lower the ductility. This effect was found 
for a wide variety of coppers, including 
spectrographically pure copper (99.999+ 
per cent), and applies likewise for silver. 

The experimental data are explained 
by the h3q)othesis that attributes the effect 
of cooling rate to variations in the degree 
of perfection of the atomic arrangement. 
Water quenching retains imperfections in 
the lattice which were generated at high 
temperatures by thermal fluctuations; 
furnace cooling permits the atoms to 
become more perfectly arranged with 
fewer lattice imperfections. Such imperfec- 
tions or dislocations are assumed to be 
responsible for the weaJcness of metal 
crystals, and consequently the material 
containing the greatest number of free 
dislocations should have the shorter life; 
i.e., the water-quenched copper. 

Variations in the rate of cooling from 
the annealing temperature also influenced 
the creep characteristics and the internal 
friction of the copper. 

Effect of Cold-work , — Small degrees of 
cold-work prior to testing were -found to 
decrease the rupture life of furnace-cooled 
copper. Beyond a certain degree of defor- 
mation, the life was increased by cold 
stretching. This information on ‘*strain- 
. weakening” agrees with previous work by 
Smith, Orowan,!* and Read.^® In other 
words, plastic deformation does not always 
increase the resistance of a metal to further 
deformation, but may actually produce a 
condition more favorable for slip. 
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DISCUSSION 
(H. L. Bwrghof presiding) 

A. A. Smith, Jr.,* Barber, N. J.— The 
authors have presented some very interesting 
and useful data on the properties of copper and 
they are to be highly congratulated. We have 
all too little information on the properties of 


* American Smiting and Refining Company. 


copper at slightly elevated temperatures and 
this work is a very welcome addition. 

It will be noted that No. 7, which is a 
S3mthetic, oxygen-free copper, and No. 4 
which is a tough-pitch copper, have very 
nearly the same impurity contents except 
for the oxygen. However, there is a considerable 
difference in the rupture properties, the oxygen- 
free material being better at all stresses. 

Turning to No. 2, which is a silver-bearing 
oxygen-free copper, and to No. 5, which is a 
sfiver-bearing tough-pitch copper, it will be 
noted that the reverse appears to be true; 
that is, the tough-pitch copper appears to be 
the better. There is some difference in the 
silver content of these two coppers; the oxygen- 
free has the higher amount, which might be 
expected to further accentuate differences 
but which does not do so. 

I wonder if the authors might have some 
explanation of the fact that in one case oxygen 
has a beneficial effect and in the other an ad- 
verse effect. 

H. L. Bttrghofr,* Waterbury, Conn. — 
I should like to ask the authors if they have 
considered quenching strams as a possible 
factor in the observed differences between the 
quenched and the furnace-cooled materials. 

Another matter that merits discussion 
concerns the initial extension that occurs 
immediatdy upon application of the test 
load. As most of the stresses applied in the 
authors’ tests were wdl above the nominal 
yidd strength of annealed copper at 20o°C., 
the instantaneous dongations must have been 
considerable and, concdvably, a factor in the 
test results. I wonder if the authors have a 
record of those initial extensions and if they 
have considered what their effect may be. 

D. K. CRAMPTONjt Waterbury, Conn. — I 
was very much interested in the observations 
that metallic impurities dissolved in the 
matrix usually materially improve the rupture 
strength. Hus might be taken as evidence of 
the falsity of the assumption all too commonly 
made that high purity in metals and alloys 
necessarily results in Ligh quality or better 
properties. There are many other indications 

* Chase Brass and Copper Company, 
t Director of Research, Chase Brass and 
' Copper Company. 
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that this idea is erroneous. It is hoped the 
authors will continue this study and perhaps 
make a systematic investigation of various 
dissolved metallic impurities over a con- 
siderable range. « 

I wish to ask the authors one question; i.e., 
whether the factors are progre^ve more or less 
from the start of exposure or whether they 
occur rather rapidly after a certain period of 
time. 

B. L. Martin and E. R. Parker (authors’ 
reply). — ^The variations pointed out by Mr. 
Smith are probably due to differences in grain 
size and not to any effect oxygen. The silver- 
bearing tough-pitch copper (No. 5) has a finet 
grain size (Table 3) than the silver-bearing 
oxygen-free copper (No. 2) and therefore 
should be stronger, in view of the results in 
Table 4, which show a fine-grained copper to 
have a greater resistance to rupture at soo^C. 
than a coarse-grained copper. However, it 
seems likely that for a constant grain size the 
copper containiug oxygen will have a shorter 
rupture life than an oxygen-free material, 
owing to inclusions or to purification resulting 
from oxidation. 

Br. Burghoff has inquired about the posable 
effect of quenching strains in regard to explain- 
ing the observed effect of cooling rate. We 
found that samples furnace-cooled at a rate 
of 2S®C. per hour had a longer rupture life at 
20o^C. than samples cooled loo'^C. per hour 
(Table 7). It is inconceivable that there could 
have been quenching strains in either sample, 
therefore some factor other than quenching 
strain was operating to produce the changes. 

The hypothesis advanced in the paper is 
open to question, of course. Br. Burghoff has 
mentioned the initial extension of the bars as 
a factor that should be discussed. When the 
bar is loaded, there occurs an instantaneous 


elongation of considerable magnitude. For 
example, in Fig. 12 the initial extension is 
shown to be over 10 per cent. It would seem 
that atomic changes occurring during the 
initial extension would mask out any struc- 
tural changes produced by a variation in the 
cooling rate. Apparently that does not occur, 
for the effect of the final cooling treatment per- 
sists after the loading of the bar. Therefore, it 
appears that the initial variations in the 
degree of perfection of the atomic arrangement 
due to variations in the prior cooling treatment 
are not changed by the deformation that 
results when the bars are loaded. 


Table 7. — Ejffect of VariaHons in Cooling 
Rate on the Rupture Life of High-purity 
Copper at 2oo®C. 


Treatment 
(Bars Were Annealed 
at 8so®C.) 

Stress, 

Lb. 

per 

Sq. In. 

Life, 

Hr. 

Elon- 

gation, 

Per 

Cent 

in 

I In. 

Re- 
duc- 
tion of 
Area, 
Per 
Cent 

Water-quenched 

IS»750 

6 


X8 

Furnace-cooled 





ioo®C./hotir 

IS,7S0 

46 

14 

30 

Furnace-cooled 

2 S®C./hour 

15,750 

74 

13 

35 


In coimection with Br. Crampton’s ques- 
tion, we have found that microscopic cracks 
do not start to form until the final stage of 
creep prior to rupture. However, it is likely 
that defects are forming in the grain bound- 
aries-at all stages but that they are too small to 
detect under the microscope. The strengthening 
effect of alloying elements and the effect of 
cooling rate is evident from the time the* load 
is first applied. In Fig. 12, for example, the 
water-quenched sample has a much higher 
creep rate at all stages of the test than has the 
furnace-cooled copper. 



High-speed Tensile Impact Tests on Single-crystal and 
Polycrystalline Bars of Copper 


By E. R, Parker,* Junior Member A.I.M.E., and E. A. Smith* 

(New York Mectingr, February 1944) 

Metallurgists and engineers have Single-crystal copper specimens were 
always been interested in the mechanism broken in tension at impact velocities 
of high-speed deformation because metals up to 100 ft. per sec. The distribution of 
are rapidly deformed in various applica- slip bands in the fractured crystals was 



Fig. I. — Single-crystal test bar showing threaded bushings silver-soldered to crystal 

WITH TWO VIEWS OP A PRACTURED CRYSTAL. 


tions and manufacturing processes. The 
deformation of metals by impact loads 
has recently engaged the attention of a 
number of investigators. Many of their 
results have not been disclosed but some 
of the published investigations^"® have 
shown that the tensile strength, 3deld 
strength and elongation generally increase 
with increasing strain rate. The investiga- 
tion reported herein is an attempt to 
determine the reason for this increase in 
strength and elongation. 

Manuscript received at the office of the 
Institute Dec. zo, 1943. Issued as T.P. 1704 in 
Metals Technology, April 1944, 

* Research Laboratory, G-eneral Electric 
Co., Schenectady, N. Y. 

1 References are at the end of the paper. 


found to depend upon the strain rate. In 
the bars broken at high speeds, the slip 
bands appear to be more numerous. This 
might account for the higher strength as 
well as the greater elongation. 

Experimental Procedure 

Single crystals of copper (approximately 
P9.98 per cent) were made in graphite 
molds by the conventional method of 
lowering the mold out of the hot zone of a 
hydrogen furnace at a rate of one inch 
per hour. Solidihcation progressed from 
the bottom upward, forming a single 
crystal. The crsrstals were about 0.30 in. 
in diameter and 4 in. long. They were 
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Fig. 3. — Stress-time record eor single crystal broken at 25 teet per second. Timing 

^ WAVE is 2000 CYCLES PER SECOND. 


' 30.0001 



Elongation, per cent 


Fig. 4. — ^Tensile-stress tensile-strain curves por single crystals broken at dieperent 

IMPACT velocities. 
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HIGH-SPEED TENSILE IMPACT TESTS ON BARS OF COPPER 


made into test bars by sliding threaded specimen is indicated on a standard 
steel bushings over eadi end of a crystal projection. The bars were broken in a 
and then flowing silver solder between the commercial variable-velocity tension im- 
crystal and the bushing. The inside pact machine, which has been described 



Static* Second 

£^G. $. — Sup bands on crystals 
Above, photomicrographs. X soo. Below, electron 

diameter of the bushings was slightly in detail elsewhere.^'® The stress and strain 
greater than the diameter of the crystals, were recorded by means of wire strain 
to allow space for the silver solder. The gauges and a special commercial osdllo- 
bushings were placed so that the gauge graph, also described in detail dsewhere.®*^® 

length of the crystals was one inch. The The equipment and method can be 

assembly is shown in Fig. i, with two briefly described as follows. The impact 

views of a fractured crystal. Annealed madiine consists of a motor-driven flywheel 

polycrystaUine copper bars of similar containing a two-pronged hammer. This 
shape were machined from solid stock, hammer is held retracted in the flywheel 
X-ray measurements were made on all until the desired impact speed is reached, 
single crystals to determine their oiienta- then it is released to strike a cross arm 
tions. The results are shown in Fig. 2, screwed on one end of the specimen. The 
where the location of the axis of each other end of the specimen is screw^ into 
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a heavy ballistic pendulum and conse- extension arm and the test bar. In the 

quently is held essentially stationary while stress calculations the oscillating com- 

the bar is being broken. From the swing ponent of stress must be neglected, and 

of the ballistic pendulum the energy only the steady component calculated 



50 Ft. per Second 100 Ft. per Second 

BROKEN AT VARIOUS IMPACT VELOCITIES. , 

micrographs. X 5000. (Formvar replica method.) 


absorbed by the bar during fracturing can 
be calculated. 

For measuring stress, a wire strain gauge 
was placed on the extension arm connecting 
the test bar and the pendulum. Previously 
reported experimelits^® had shown that if 
certain precaurions are taken the stress 
measured in this way agrees very well 
with the stress measured bn a , large- 
diameter portion of a special test bar 
having large and small sections. The 
oscillations of stress set up by the shock 
waves, however, differ considerably in the 


from the records for the stress-strain 
curves. The strain was measured by the 
change in resistance of a wire stretched 
parallel to the axis of the test bar. The 
flywheel was so large that the front end 
of the test bar came up to speed very 
quickly and the strain was found to be 
proportional to time except for a relatively 
short time interval immediately following 
the impact. 

The output from the strain gauges was 
amplified and fed into special cathode-ray 
oscfllograpfas. The trace of the beam was 
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photographed with a high-speed camera. 
A timing wave of 2000 cycles per second 
was photographed simultaneously. 

Before testing, the single-crystal speci- 


more generally in the high-speed tests. 
This might account for the observed 
increase in elongation. The electron 
micrographs are valuable for studying 



Fig. 6. — Tensile stkess-strain curves for polycrystalline bars broken at dieperent 

IMPACT VELOCITIES. 


mens were polished electrolytically by 
Jacquet’s^^ method, so that the distribution 
of slip bands in the fractured crystals 
could be studied. . 

Results 

One of the stress-time records is shown 
in Fig. 3. Tensile-stress and tensile-strain 
curves were calculated from the steady 
component of stress using the original 
cross-sectional areas of the bars. These 
curves are shown in Fig. 4 for single 
crystals broken at impact velocities of o, 
25, 50 and 100 ft. per sec. Before a direct 
comparison could be made it would be 
necessary to know the resolved shear- 
stress vs. shear-strain curves. Even from 
the tensile stress-strain curves, however, 
the increase in elongation with the speed 
of fracture is evident. 

The surfaces of the broken bars were 
examined microscopically. The distrihution 
of slip bands appeared to vary with impact 
vdodty. Fig. 5 shows the photomicro- 
graphs of the dip bands. A comparison of 
the samples, particularly the one broken 
statically ^d the one fractured at 100 ft. 
per sec.; indicates that deformation occurs 


the shape of the slip bands but not for 
studying the distribution, because of the 
small area visible at such high magni- 
fication. In the electron micrographs, 
the bands appear to increase in width 
as the impact vdodty increases, indicating 
that more planes function in each band. 
These observations were verified by testing 
and examining a duplicate set of aystals. 

The results obtained with polycrystalline 
bars are in good agreement with those 
obtained with single crystals. The stress- 
strain curves shown in Fig. 6 dearly 
illustrate the increase in tensile strength 
that occurs when bars are broken at 
high strain rates. The dongation values 
for bars broken at high speeds are con- 
sistently greater than the static dongation 
but there is some scatter in the values. 
The bar broken at 50 ft. per sec. had a 
subtly lower dongation than the bar 
broken at 25 ft. per sec. The polycrystalline 
bars were marked at short intervals along 
the gauge length, so that the general 
elongation of the bars away from the 
fracture, as well as the total dongation, 
could be measured. The results obtained 
for general and total dongations are listed 
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in Table i. From these it is evident that 
bars broken at high speeds undergo greater 
general elongation than bars fractured 
statically. This is in agreement with the 
observations on single crystals, which 
showed that more slip occurred in the 
rapidly deformed crystals. The energy 
required to rupture the polycrystalline 
bars was obtained by integrating the area 
under the stress-strain curves. These 
values agreed reasonably well with the 
energy calculated from the swing of the 
ballistic pendulum. 

Discussion or Results 

Without going into the details of the 
mechanism of deformation and shock-wave 
analysis in high-speed impact tests, it is 
possible to obtain some plausible correla- 
tions between the observed phenomena. 

It appears that a greater number of 
slip planes function in the operating slip 
systems when crystals are broken by 
rapidly applied loads. If the same amount 
of strain occurs in each slip band, the 
greater number of operating bands could 
account for the increased elongation. 


Table i . — Mongaiions 


Impact 

General 

Total 

Vdod-^, 

Ft. per Sec. 

Elongation, 

Elongation, 

Per Cent 

Per Cent 

0 

45 

if* 

25 

53 

50 

52 

58 

75 

100 

'ft 

65 

8 o« 


« The dLongation of the specimen broken at 
100 ft. per sec. is abnormally high because 
**necking down” occurred at two places. 
Double necking has been observed before and 
is not uncommon. It does, however, illustrate 
the tendency toward greater general dongation, 
characteristic of bars broken at high sx>eeds. 

In the oystals broken at high speeds, 
the slip bands seem to be much closer 
together. Consequently, the material has 
undergone more strain per unit volume, 
therefore it is reasonable to expect a 


greater degree of strain-hardening and 
thus a higher strength. 

It is hoped that further research will 
enable experimenters to determine quanti- 
tatively the connection between the 
density of slip bands and mechanical 
properties. 

At the present time, there is an incom- 
plete understanding of the mechanism 
by which more slip bands form during the 
high-speed tests. Theories concerning their 
formation may be evolved as research 
in this held progresses. 
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Solubility of Hydrogen in Molten Copper-tin Alloys 

By Michael B. Sever,* Junior Member, and Carl F. Floe,! Member A.I.M.E. 
(New York Meeting. February 1944) 


The solubility of hydrogen in molten 
copper-tin alloys is of both practical and 
theoretical interest. From a practical 
standpoint, data on the equilibrium solubil- 
ity as a function of temperature, pressure 
and alloy composition are valuable for a 
better understanding of porosity problems 
in bronze castings- From the theoretical 
point of view the determination of the 
hydrogen-copper-tin equilibrium is of inter- 
est since it extends the laws governing the 
solution of gases in metals. 

This paper presents the results of an 
investigation of the solubility of hydrogen 
in representative compositions of the cop- 
per-tin system at temperatures ranging 
from above the liquidus to i3oo®C. and at 
pressures from less than 50 nun. of mercury 
to about atmospheric. 

Review ot Previous Work 

The solubility of hydrogen in copper was 
determined by Sieverts and Krumbhaar^ 
in 1910 and by Roentgen and Moeller^ 
in 1934. Their values are in fair agreement. 
In 1926 Iwas6’ reported results that were 
very much higher. 

The published data on the solubility of 


This work represents a portion of a thesis to 
be submitted by M. B. Bever in partial fulfill- 
ment of the requirements for the de^ee of 
Doctor of Science from the Massachusetts 
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* Instructor in Metallurgy, Massachu- 
setts Institute of Technology, Cambridge, 
Massachusetts. 

t Associate Professor of Physical Metallurgy, 
Massachusetts Institute of Technology. 

^ References are at the end of the paper. 


hydrogen in tin do not agree. Smithells^ 
states that no reliable data are available. 
According to Sieverts and Kjumbhaar,* 
hydrogen is insoluble in tin. Bircumshaw,* 
on the other hand, found a definite solubil- 
ity at 8oo°C. The latter*s experimental 
procedure did not provide for stirring of 
the metal and in his opinion he failed to 
reach equilibrium. Iwas6* again reported 
large solubility values. 

For copper alloys, Sieverts and Elrumb- 
haar^ distinguished between alloying ele- 
ments that do not markedly affect the 
solubility of hydrogen, elements that in- 
crease the solubility, and elements that 
reduce it. They named gold, tin, and alumi- 
num as examples of this last group and 
reported hydrogen solubility data at 
1225*^0. for the copper-rich side of these 
alloy systems at atmospheric pressure. 
Without giving experimental results, they 
stated that the amount of hydrogen dis- 
solved by liquid copper aUo3rs is propor- 
tional to the square root of the pressure as 
in pure metals. These authors suggested 
that in a limited way the effect of an alloy- 
ing element on the solubility of a gas is 
related to the constitution diagram for the 
alloy system. Sieverts^ also called attention 
to the fact that the curve of hydrogen 
solubility versus composition of copper-tin 
alloys shows a sharp change of direction at 
the composition of CusSn and suggested 
that this compound persists at least to 
some extent in the molten state. 

Iwas6* reported large hydrogen solubility 
values for several compositions of copper- 
tin alloys, which appear to be in error. 
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In 1929 Sieverts® gave a review of his 
earlier work on the solubility of gases in 
metals, including a summary of the effects 
of alloying elements. 

Experimental Methods 

The apparatus used for the determina- 
tion of solubility was based on a principle 
first developed by Sieverts. This method 
determines the solubility by finding the 
difference between the volume of soluble 
gas admitted to the furnace at a certain 
temperature and pressure and the so-called 
*'hot volume,” which is the volume of an 
insoluble gas necessary to fill the furnace 
under the same conditions. The furnace and 
accessory equipment used were similar to 
those described by Floe and Chipman.® By 
using capillary tubing and charging the 
furnace to capacity it was possible to keep 
the hot volume low. In none of the runs did 
it exceed 20 c.c. and in most runs it was of 
the order of 12 to 14 c.c. This represents a 
substantial reduction from the hot volumes 
used by other investigators. A low hot 
volume is desirable because it increases the 
accuracy of the solubility determinations. 

The procedure for making solubility 
determinatioiis was essentially the same as 
that described by Floe and Chipman,® but 
because of the small solubilities involved in 
many instances, special precautions had to 
be taken. The molten alloys were first 
thoroughly deoxidized with hydrogen, then 
the hot volume was determined with 
nitrogen, which is Insoluble in both copper 
and tin. Some hot volumes were checked 
with argon and helium and satisfactory 
agreement was obtained. Within the limits 
of observation the hot volume was found to 
be a straight-line function of temperature. 

In some instances the hot volume under- 
went a small change during a run, probably 
owing to one or both of two causes. First, if 
a metal deposit formed along the upper 
walls of the crucible, due to condensation or 
splashing of the metal, the temperature 
distribution in the gas space, and conse- 


quently the hot volume, would change. 
Second, it was found that if the crucible 
had plane surfaces and was kept under 
vacuum at high temperatures for extended 
periods, these surfaces were inclined to 
change permanently by curving inward. 

It is well known that hydrogen diffuses 
through fused silica at the temperature of 
molten copper.^® The effects of such diffu- 
sion were noticeable if hydrogen was left in 
the furnace for extended periods. However, 
since equilibrium was obtained very rapidly, 
the data reported here were not affected 
by the diffusion loss to a significant degree. 

The copper used was Mgh-purity elec- 
trolytic sheet prepared by the method of 
Smart, Smith and Phillips.^^ In addition to 
negligible amounts of occluded electrolyte, 
the impurity contents stated in Table i 
of their paper are believed to apply to this 
material. The tin was analyzed chemically 
pure grade with total reported impurities 
less than 0.007 per cent. Tank gases were 
used with a purity of 99.5 per cent for 
nitrogen and 99.95 per cent for hydrogen. 
The argon used was reported to analyze 
99.4 per cent argon and 0.6 per cent nitrogen. 

The metals were cut to fit the crucible, 
and cleaned by pickling. They were charged 
to the crucible in as compact a manner as 
possible and the furnace was sealed. It was 
found feasible to make the alloys in the 
furnace by charging weighed amounts of 
copper and tin. One low-tin and one high- 
tin alloy were analyzed and the composi- 
tions were found to agree with the charge 
calculations within the probable analytical 
errors. The amount of metal charged 
varied between 120 and 215 grams. 

Temperatures were read on an accurate 
potentiometer, which was connected to a 
platinum platinum-rhodium thermocouple. 
The freezing points of copper and tin were 
used for calibration. The temperature of the 
bath, which was heated by induction, could 
be controlled within ±2®C. The stirring 
action of the induction heating accelerated 
the attainment of equilibrium. 
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Results of Experimental Work 

The solubility of hydrogen in pure molten 
copper as a fimction of temperature at one 


solubility of hydrogen in pure copper as 
a function of pressure at i2oo®C. is shown 
by the uppermost curve in Fig. 2; the 
observed values are tabulated in Table 2. 



TEMPCRATURE *0 

I'lG. I. — ^Solubility of hydrogen in molten copper at one atmosphere pressure as a 

FUNCTION OF TEMPERATURE. 


atmosphere pressure is shown in Table i 
and in Fig. i. Data reported by Sieverts* in 

Table i, — SoltMUy of Hydrogen in Pure 
Copper at One Atmosphere Pressure and 
Various Temperatures 

Cubic Centimeters per xoo Grams Copper 






Run No. 

iioo®C. 

iaoo**C. 

i30o®C. 

13 

S.76 

7.28 

9.31 

IS 

S.70 

7.39 

9.43 


1929 and the results of Roentgen and 
ModOier* are also induded in Fig. i. The 


Table 2 . — SoluhiUty of Hydrogen m Pure 
Copper at i20o®C. and V arious Pressures 
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Table 3 lists the measured solubilities of lated in Table 4 and are included in Fig. 2. 
hydrogen in pure tin as a function of tern- In Fig. 3 the solubility of hydrogen in the 
perature at one atmosphere pressure. This different copper-tin alloys at one atmos- 



Pig. 2. — SoLUBHiry op hydrogen in copper and copper-tin alloys at i2oo®C. as a puncmon 

OP PRESSURE (mm. Hg). 


solubility was too small to permit an phere pressure has been plotted as a func- 
investigation of the effect of pressure. tion of temperature. 

The observed values for the solubility of Table $ and Fig. 4 show the solubility of 
hydrogen in different copper-tin alloys as a hydrogen at one atmosphere pressure versus 
function of pressure at laoo^C. are tabu- alloy compoation for different tempera- 
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tures. The units used in Fig. 4 are cubic 
centimeters of hydrogen dissolved in 100 

Table 3. — Solubility of Hydrogen in Pure 
Tin at One Atmosphere Pressure and 
Various Temperatures 
C.C. Ha IN 100 Grams 


Run No. 

iooo®C. 

iioo®C. 

I200®C. 

1300®C. 

7 

0.06 


0.20 


8 


O.II 

0.21 

0.28 

17 

0.02 

0.09 

0.21 


18 


0.07 

0.20 

0.43 


grams of metal versus weight per cent of tin 
in the metal. Fig. 5 presents the measured 
values of cubic centimeters of hydrogen per 


Table 4. — Solubility of Hydrogen in 
Copper-tin Alloys at i2oo®C. and 
Various Pressures 



I gram mol of metal versus atomic per cent 
of tin in the metal. All hydrogen volumes 
are reduced to standard temperature and 
pressure. 

Table 5. — Solubility of Hydrogen in 
Copper-tin AUoys at One Atmosphere 
Pressure and Various Temperatures 
C.C. H* IN 100 Grams Alloy 


Run 

No. 

Wt. 

Per 

Cent 

Sn' 

At. 

Per 

Cent 

Sn 

I 000 ®C. 

iioo®C. 

I 200 ®C. 

I300®C. 

10. 12 

5 .P 

3.3 


4.80 

6.28 

7.81 

6 

11 . 5 

6 S 

3.09 

4. II 

5.35 

6.85 

14 

21.7 

12.9 

2 . II 

2 97 

3.94 

S.io 

3 

40.2 

26.4 

0 .S 3 

0.94 

I. SO 


x6 

54-8 

39 3 

0.50 

0 70 

1. 15 

1. 61 


Discussion oe Results 

The values for the solubility of hydrogen 
in pure copper at one atmosphere pressure 
agree closely with those reported by Roent- 
gen and Moeller and are about 10 per cent 
lower than those of Sieverts. In the range 
covered the solubility is approximately a 
straight-line function of temperature. How- 
ever, the measured values do not conform as 
dosdy to a straight line as do those of other 
investigators, but give a curve of slowly 
increasing slope. Fig. 3 shows similar up- 
ward curves for the hydrogen solubilities 
in the various copper-tm alloys investigated. 

The solubility of hydrogen in copper as 
well as in copper-tin alloys determined at 
i2oo®C. is proportional to the square root of 
pressure within the limits of experimental 
error. Sieverts’ law, which was discussed in 
detail by Floe and Chipman,® is thus 
obored. 

The experiments on the solubihty of 
hydrogen in pure tin indicate definite 
though very small solubilities. This result 
is in disagreement with the work of Sieverts 
and Krumbhaar,® who reported that 
hydrogen is insoluble in tin. On the other 
hand, the measured solubilities are only 
about one tenth as large as the values of 
Iwas6.® His work, which also includes data 
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on the solubility of hydrogen in a few' cop- 
per-tin alloys, apparently was affected by 
some fundamental error, and therefore does 
not w-arrant discussion. Bircumshaw® found 


These values also exceed the probable 
effects of diffusion and of any difference in 
the thermal properties of hydrogen and 
nitrogen. They are, however, of negligible 



Fig. 5. — Solubility or hydsogen in molten copper-tin alloys at one atmosphere pressure 

AS A FUNCTION OF ALLOY COMPOSITION. 


a solubility of about 0.3 c.c. of hydrogen in 
100 grains of tin at 8oo°C., but he con- 
sidered his work as inconclusive owing to 
failure to establish equilibrium. 

In evaluating the determinations of 
hydrogen solubility in pure tin reported 
here, the values measured at 1100®, 1200®, 
and i3oo®C. are larger than the probable 
combined errors in the measurement of 
volumes, pressures, and temperatures. 


magnitude compared with the solubilities in 
copper and copper-tin alloys. 

The solubility of hydrogen in copper-tin 
allo3^ 8^ 3 - function of alloy composition 
decreases with increasing tin content. In 
conventional units (Fig. 4) and in basic 
units (Fig. 5) the curves representing the 
functions consist of two nearly linear parts, 
which have considerably different slopes 
and intersect sharply at about 25 atomic 
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per cent of tin. The intersection thus lies at or near the composition of CuaSn. The 
at or close to the composition of CuaSn. magnetic susceptibility data of Endo, which 
This same type of curve was obtained by include measurements on solid copper, the 
Sieverts and Krumbhaar at i225°C., as two-phase region and liquid alloys, are the 



WEIGHT X SN 

Fig. 6.— Various physical properties op copper-tin alloys as punctions op composition. 

previously noted. Their values for solubility, least decisive in this respect. Magnetic 

however, were considerably higher than data on this system were also published by 

those reported here. Honda and Endo.^^ Bomemann and 

Certain physical properties of molten Wagenmann concluded on the basis of 

copper-tin alloys are presented in Fig, 6 as their electric resistivity measurements that 

functions of composition. The values are CujSn exists in liquid copper-tin alloys. The 

due to Bomemann and Wagenmann^* density determinations by Bomemann and 

(electric resistivity), Endo^* (magnetic Sauerwald also point to the existence of 

susceptibility), and Bomemann and Sauer- liquid CugSn. 

wald^* (density). It is evident that these From the solubilities r^rted in Tables 
propertie§^also undergo a significant change i, 3 and 5, it is possible to calculate the 
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heats and free energies of solution of 
hydrogen in different compositions of the 
copper-tin system. The methods of calcula- 
tion have been indicated in the second 
paper by Floe and Chipman^® on the 
solubility of sulphur dioxide in copper. 

From a practical standpoint, it is of 
interest to ask whether the addition of tin 
to molten copper reduces the amount of 
hydrogen soluble in the melt to any signif- 
icant extent. Table 6 shows the percentage 
of reduction in solubility of hydrogen when 
5.9 per cent and 11.5 per cent, respectively, 
of tin are added to copper. 


Table 6. — Effect of Additions of Tin m 
Reducing the Solubility of Hydrogen 
in Copper-rich Copper-tin Alloys 


Deg. C. 

Per Cent Reduction in H* Solubility 

5.9 Per Cent Sn 
Added 

ii.S Per Cent Sn 
Added 

1100 

— 16 2 

— 28.2 

1900 

-I 4 .S 

— 97.2 

1300 

— 16 7 

— 26 9 


In spite of this reduction, however, the 
amounts of hydrogen that are soluble even 
with such low partial pressures of hydrogen 
as occur in furnace atmospheres are substan- 
tial, particularly in terms of actual volumes 
at high temperatures. While a complete 
quantitative understanding will also require 
data on the solubility of hydrogen in solid 
bronze, the investigation reported here 
points definitely to hydrogen as a major 
cause of porosity in bronze castings. This 
result confirms the work of Pearson and 
Baker^^ on experimental castings. 

Summary and Conclusions 

The solubility of hydrogen in representa- 
tive compositions of the copper-tin system 
has been studied as a function of tempera- 
ture, pressure and composition. The follow- 
ing results were obtained; 


1. The solubility of hydrogen in pure 
copper between 1100® and i30o®C. is 
nearly directly proportional to tempera- 
ture. Within fairly dose limits the values 
determined in two previous investigations 
were confirmed. 

2. The solubility of hydrogen in pure tin 
is negligibly small at these temperatures. 
This is in disagreement with some state- 
ments in the literature. 

3. The solubility of hydrogen in differ- 
ent liquid copper-tin alloys is a regular 
function of composition. It decreases 
rapidly with additions of tin up to approxi- 
mately 40 per cent by weight or 25 atomic 
per cent and quite slowly with further 
additions. Both parts of the curve are nearly 
straight lines. The intersection of these 
lines at about 25 atomic per cent of tin 
is interpreted as an indication that CusSn 
exists in the liquid state. 

4. The solubility of hydrogen in pure 
copper and in copper-tin alloys measured at 
i2oo®C. is proportional to the square root of 
the pressure in accordance with Sicverts* 
law. 
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DISCUSSION 

(JE. W. Palmer presiding 

A. J. Smith,* Cincinnati, Ohio. — ^It is very 
gratif3dng to have some precise data on the 
solubility of bases in copper alloys. Such 
data are urgently needed for proper study and 
control of melting and casting. We ourselves, 
because of certain data accumulated in the 
past on porosity in tin-bronze castings, have 
somewhat discounted hydrogen rejection as a 
major cause of such porosity. 

For many years the brass foundryman 
labored under great difficulties because of the 
erroneous idea that oxidation of the melt was 
responsible for porous castings. Qualitatively 
this misconception was dispelled a number of 
years ago and the paper today helps place 
our ideas on a quantitative basis. 

Undoubtedly the causes of porosity are 
to be found in the collective influences of a 
number of factors, and I think what we shall 
have to do in many cases is to study the 
factors individually before we can make any 
study of their collective influence. 

We need very specific data on what the 
gas solubilities are and how they change at the 

• Lunkenheimer Company. 


freezing point. We learn that hydrogen is 
markedly soluble. We would like to know, for 
these copper-tin and similar alloys, just 
how its solubility varies with changes in the 
hydrogen-oxygen ratio. Only by finding 
exactly how' much hydrogen will dissolve and 
how much oxygen, can we make a balance 
between the two. We need these very precise 
data right at the start. 

Too many generalities have appeared in the 
literature, with no really substantial data to 
back them up. 

D. R. Hull,* Waterbury, Conn. — This 
paper has great practical importance. I 
merely wish to emphasize what has already 
been mentioned; that is, the significance of 
the gas solubility change at the freezing point. 
It is a little bit surprising, if one is to base his 
views on the behavior of bronzes in actual 
casting, to learn that this solubility decreases 
with the increase of tin. The visual evidence of 
gas certainly increases with tin, at least up 
to 10 per cent tin. Since this evidence occurs 
mainly when the metal freezes, the inference 
is that the solubility of gas in solid bronze also 
decreases as tin increases and at a greater rate 
than in liquid. It aU comes back to the 
change of solubility at the freezing point, and 
if the thing could be correlated with that, we 
might have an explanation of a great deal of 
practical behavior of bronzes. 

C. F. Floe (author's reply). — The experi- 
mental technique used did not permit measure- 
ment of the change in hydrogen solubility 
at the freezing point. However, it is believed 
that the major part of the hydrogen dis- 
solved just above the freezing point is evolved 
during solidification, both in pure copper and 
in copper-tin alloys. 

The visual evidence that more gas is evolved 
from bronze with increasing tin content, 
mentioned by Mr. Hull, seems to us to indicate 
the presence of gases other than hydrogen. 


American Brass Company. 



Preferred Orientation in Annealed 70-30 Brass Wire 


By H. L. Burghoff,* Mei£ber, and J. S. Porter, f Junior Member, A.I.M.E. 

(New York Meeting, February 1944) 


This paper presents the results of an 
investigation of the effect of cold-working 
and annealing treatments upon the oc- 
currence of preferred orientation in an- 
nealed brass wire. The subject has received 
less consideration than has the same 
phenomenon in annealed brass sheet or 
strip, and perhaps very properly so in 
view of the obvious and undesired results 
obtained in the forming or drawing of strip 
having preferred orientation, which results 
are in contrast with the lack of any spec- 
tacular visual evidence in wire. 

The factors of cold-working and anneal- 
ing that control preferredness in strip 
are naturally expected to function similarly 
in wire. Indeed, one might expect the 
condition to be commoner in annealed 
wire, because the severity of the cold- 
working between anneals in commercial 
practice is usually much greater for wire 
than for strip. For example, a wire that 
is to be finished in the annealed condition 
on a diameter of 0.040 in. is commonly 
subjected to a final reduction of 90 per 
cent between the last two anneals, the 
large reduction being accomplished in the 
successive drafts of a multiple-die machine. 
Wire for rivets, for instance, on o.i2S-in. 
diameter, although given a slight reduction 
of about 10 per cent after the final anneal, 
may have been given a prior reduction of 
75 to 80 per cent. 
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Institute Nov. 30, 1943- Issued as T.P. 1688 in 
Metals Technology, April 1944. 

* Research Metallurgist, Chase Brass and 
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Barrett' states the fiber axis of annealed 
70-30 brass wire to be [in], with some 
indication of [100] as a secondary fiber 
axis. Croft and Sachs® have reported 
briefly on some differences in brass wire 
with random and with preferred orienta- 
tions. They showed statistical plots of 
the twin-band angles with respect to the 
wire axis or direction of drawing as 
observed on an axial plane. They also 
pointed out that the resistance of the 
wire to corrosion-cracking when externally 
stressed and exposed to a mercurous nitrate 
solution decreased as the degree of the 
preferred orientation increased. 

Material and Procedure 

AH the wire for the investigation was 
processed from one portion as cut for 
extrusion from a cast billet of the following 
analysis: 70.13 per cent copper; o.oi lead; 
o.oi iron; 0.02 nickel; 29.83 zinc (by 
difference). The billet section, 8 in. in 
diameter, was extruded hot to ?i-in. 
diameter, after which it was processed by 
alternate cold-drawing and annealing treat- 
ments as indicated in Fig. 1. The earliest 
anneals in process were at about iioo®F. 
and the next to the last reductions by 
drawing were 58 per cent. The diameter 
of the finally annealed wire was 0.132 in. 
Semifinal anneals were at 8oo®F., 9So®F. 
and iioo®F. and reductions of 47.5, 74, 
83.5 and 89.5 per cent were employed in 
drawing to 0.132 in. The final anneals were 
at 875®F., io5o®F. and i25o®F. and were 


^References are given at the end of the 
paper. 
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made, as were the semifinal anneals, in an 
automatically controlled laboratory fur- 
nace for periods of one hour at temperature. 
The three semifinal anneals, the four 


and frequency distribution plots of these 
were made.* Only one angular value was 
taken to represent a group of parallel 
twin bands within one grain; that is, any 


8 in- (cast) 

>lr 

0750 in- (extrudnd) 

0625 in 

i 

II00*F 


58% 




0404 in 0 500 in 



L 


u u 

u u 

M 


^89-5% 

r47.5% , 

,74% , 

,83 5% 


0-132 in- 0132 In. 0132 ia 

• » ■ 

^ Jr i 

875*F I050*F 1250T 


Fig. I. — Steps in processing 70-30 brass used in investigation, prom cast biixet to 

FINALLY ANNEALED WIRE, INCLXmiNG INTERMEDIATE SIZES, PERCENTAGE REDUCTIONS IN COLD- 
DRAWING AND ANNEALING TEMPERATURES. 


final draws, and the three final anneals 
thus yielded 36 differently processed 
materials in the annealed condition on 
0.132 inch. 

The microstructures of transverse and 
axial sections were examined and grain 
sizes were estimated for the semifinal 
and the final anneals. The angles of the 
twin bands with respect to the wire axis 
were determined from photomicrographs 
of axial sections for several materials 
finally annealed at ioso®F. and i2$o°F., 


angle measured for twins within a grain 
was listed only once for the observations 
upon that grain. This analysis could not 
be satisfactorily applied to material an- 
nealed at 875®F. because the detail of 
many of the grains in the microstructure 
was not sufficiently dear for convenient 
handling. 


* Twins were counted on an area not sym- 
metrically disposed with respect to the wire 
axis. 
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Tensile tests were made in triplicate 
for both semifinal and final anneals and 
stress-strain curves to somewhat greater 
than 0.5 per cent elongation were made 


when shared by an appreciable proportion 
of the grains in the metal, is evidenced in 
transverse sections, normal to the wire 
axis, by grains containing narrow twin 



Fig. 2. — Strongly preferred orientation in annealed 70-30 brass wire finished by the 


FOLLOWING schedule: 

Semi-final anneal: 8oo®F. 

Finai reduction: 74 per cent 
Final anneal: i 2 So®F. 

a. Transverse section. 

h. Axial section. Drawing direction horizontal. 
Etch: Ammonia and peroxide. X 75* 


for the latter materials by means of a 
Templin type recorder used in conjunction 
with an accurately calibrated hydraulic 
testing machine. The test specimens were 
hand straightened as carefully as possible 
from a radius of curvature of 9 in. The 
straining produced in the straightening 
operation and the slight departure from 
straightness unquestionably had some 
effect upon the stress-strain curves. 

Microstructure and Preferred 
Orientation 

The existence of a preferred orientation 
was apparent in the microstructures for 
final anneals ato 150° and i25o*’F. and 
was particularly so for all final anneals 
that followed reductions of 74, 83.5 and 
89.5 per cent. The preferred orientation, 


bands in one, two or three sets (Fig. 2a). 
There are also some grains with no twinned 
portions at the surface of examination. 
There may be a number of mutually 
parallel bands in each set of twins. When 
two or three such sets occur within a 
grain, they either intersect or lie sub- 
stantially at angles of 60® and 120® with 
each other. For such a case, it becomes 
apparent that aystallographic planes of 
the form {iiz} lie in the surface of the 
transverse section and that, therefore, the 
wire axis is paralld to the [iii] direction. 
This, of course, follows from the fact 
that the twin boundaries may be considered 
as traces of {111} planes and that traces 
of three sets of {111} planes intersect at 
60® and 120® only in the fourth {111} 
plane. The [iii] axis is in agreement 
with that reported in the literature.^ 
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In axial sections, the preferredness 160®, to the wire axis or direction of 
reveals itself by a preponderance of grains drawing fFig. 26). 

I Or tlOO*- 47.5%- 1050 * 



0 20 40 60 80 100 120 140 160 180 

ANGLE WITH WIRE AXIS — DEGREES 

Fig. 5. — ^Fxequency distribution or angles op twin bands on axial sections with respect 

TO WIRE AXIS POR SOME ANNEALED WIRES PREVIOUSLY DRAWN 89.5 PER CENT. 

containing twins substantially at 90® One of the wires, fbnshed according 
and at two supplementary angles or to the schedule, 800® — 89.5 per cent 
ranges of angles, 20® to 30® and 150® to 1250®, and exhibiting very strongly pre- 
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f erred orientation, was subjected to X-ray 
analysis after being etched from the 
initial diameter, 0.132 in., to diameters of 
0.130, 0.093, 0.065 and 0.032 in. The main 


factors of working and annealing upon the 
occurrence of the preferred orientation. 

Fig. 3fl is for material finished by the 
schedule, 1100° — ^47.5 per cent — 1050°, 


47.5% REDUCTION 






30 

20] 

.0! 


74 % REDUCTION 






600 950 1100 800 950 llOO 800 950 UOO 800 950 IlOO 


SEMI-FINAL ANNEALING TEMPERATURE — DEGREES F. 

Fig. 6. — Properties of 70-30 brass wire of 0.13 2-inch diameter as finally annealed 

AT 875°, 1050° AND I2S0®F., AFTER HAVING BEEN COLD-DRAWN 47.$, 74, 83.5 AND 89.5 PER CENT 
FOLLOWING SEMIFINAL ANNEALS AT 8oo°, 950® AND IIOO°F. 


fiber axis was found to be [in] and 
there was a secondary axis of [100], 
these results thus being in agreement 
with the literature.^ The [100] fibering 
was not visible in the outermost part of 
the wire; i.e., diameter of 0.130 in., but 
was present in all other positions. This 
secondary [100] texture is not particularly 
evident in the microstructure. 

Frequency Distribution of Twins 

Figs. 3, 4 and 5 show the frequency 
distribution of twin-band angles with 
respect to the wire axis as determined 
from photomicrographs of axial sections 
of several representative materials. They 
are sufficient to illustrate the effect of the 


and indicates a substantially random 
orientation, there being no pronounced 
major peaks or troughs in the diagram. 
The distribution is produced by the 
moderate final working and the semifinal 
anneal, which is high with respect to the 
final anneal. Some preferredness appears 
in Fig. 3&, showing the effect of having 
the temperature of the semifinal anneal, 
8oo°F., lower than the final anneal, 
io5o®F. It is only in the semifinal anneal 
that the processing of this item differs 
from that of Fig. 3G. Figure 3c also shows 
some preferredness and is for material 
that differs from that of Fig. 3a only in 
temperature of final anneal, i25o®F. 
The effect is similar to that in Fig. 36. 
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Greater preferredness is shown in Fig. anneal increases. It is probable that a 

4a, which is for wire finished by the state of random orientation cannot exist 

schedule, 800® — 74 per cent — 1050°, and in any annealed condition that follows a 

demonstrates the effect of the greater reduction by drawing of 74 per cent or 
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Fig. 7. — ^Yield strength-grain size relationship for annealed 70-30 brass wire of 0.132- 

INCH DIAMETER AS AFFECTED BY THE PRECEDING COLD-DRAWING AND ANNEALING. 


reduction, 74 per cent, in producing the 
preferredness (cf. Fig. 36). Fig. 46 for the 
schedule, 1100® — 74 per cent — 1050®, shows 
only slightly less preferredness than does 
Fig. 4a and indicates the strong tendency 
toward preferredness for reductions of 
this magnitude, 74 per cent. Very strong 
preferredness, greater than in Fig. 4®, 
is apparent in Fig, 4c, this being the 
result of having a higher final annealing 
temperature than in Fig. 4a. 

There is strong preferredness in Fig. 5a 
for the finishing schedule, 1100® — 89.5 per 
cent — 1050®, but hardly more so than in 
Fig. 4b. Preferredness increases in Fig. s&, 
corresponding to the higher final annealing 
temperature, i2So®F. A similar effect of 
final anneal is to be noted in Figs, sc 
and d. 

The plots thus reveal the importance 
of the factors that control grain orientation. 
The degree of preferredness increases 
as the final annealing temperature increases 
and also as the reduction before the final 


more. The temperature of the semifinal 
anneal is of lesser importance, but there 
is some indication that the degree of the 
preferredness in the finally annealed 
wire decreases as the temperature of the 
semifinal anneal increases. The factors 
influencing preferred orientation of grains 
in the annealed wire may therefore be con- 
sidered to function qualitatively the same 
as for annealed brass strip.®-* It is, of 
course, quite possible to produce a state of 
random orientation merely by employing a 
moderate final reduction, a moderate or 
low final annealing temperature, and a 
semi-final annealing temperature equal to 
or, preferably, higher than that of the final 
anneal. 

The three pronounced peaks in the 
frequency distribution plots for the wires 
with strongly preferred orientation and the 
uniformity of the microstructure* from 

•“Uniformity of microstructnre** means 
that the angular distribution of the twin bands 
in the microstructure from edge to edge of the 
full axial section appears uniform to the eye. 





i66 


PREFERRED ORIENTATION IN ANNEALED 70-30 BRASS WIRE 


edge to edge in the corresponding axial then rise abruptly at 90®. This condition 

sections might suggest the possibility of a apparently represents the true state of 

preferred axial or radial plane. This affairs, so that the preferred orientation 

would place another restraint upon the of the annealed wire may be given only by 

preferredness of the wire beyond that the fiber axis designation. 



FINAL GRAIN SIZE ^ MM. 

Fig. 8, — Tensile strength-grain size relationship for annealed 70-30 brass wire of 0.13 a- 
mcH diameter as affected by the preceding cold-drawing and annealing. 


included in the designation of a [iii] 
direction as the fiber axis. There is, indeed, 
one such plane, {112), which could satisfy 
the observed conditions. If this plane were 
radially disposed, the twin bands on an 
axial plane would lie at 90® and at about 
22® and 158® to the wire axis. However, 
the fact remains that, for random orienta- 
tion of the grains about a perfectly aligned 
[in] fiber axis, there would be concentra- 
tions of twins on any axial plane at about 
20® and 160® to the wire axis in addition 
to that at 90®. There would be none in the 
intervals o®-2o® and i6o®-i8o®. The con- 
centrations would decrease considerably 
as the angles moved toward 90® and would 


Properties op Annealed Wire 
The properties obtained on the wire 
as subjected to the semifinal anneals 
require little comment other than to 
note the uniformity among the diameters 
with respect to grain size and tensile 
strength. These anneals at 800®, 950®, 
and iioo®F. resulted in grain-size ranges 
of 0.010 to 0.012 mm., 0.030 to 0.035 mm., 
and 0.060 to 0.070 mm., respectively, and 
corresponding tensile-strength ranges of 

55.000 to 57,500 lb. per sq. in., 51,000 to 

52.000 and 48,000 to 50,000 lb. per sq. 
inch. 

Fig. 6, in which the grain size and 
tensile properties of the finally annealed 
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wire are plotted as functions of semifinal regard to tensile strength, and the tensile 
annealing temperatures, is a convenient strength-grain size curves for previous 
means of representing the results of the reductions of 74, 83.5 and 89.5 per cent 
tests upon the finished wire. The normally are displaced upward to strength values 



FINAL GRAIN SIZE — MM. 

Fiq g, — E longation-grain size relationships por annealed 70-30 brass wire op 0.132-iNCH 

DIAMETER AS AFFECTED BY THE PRECEDING COID-DRAWING AND ANNEALING. 

expected effects of temperature on grain about 15 to 20 per cent higher than for 
size, strength and elongation are evident wire drawn 47.5 per cent before the final 
in this figure, and, in addition, there are anneal. There is another defimte trend 
superimposed the effects of preferred within the group of curves shown for each 
orientation in a less obvious manner, reduction. This is an increase of str^gth 
These latter effects become more readily for a given grain size as the semifinal 
apparent when the various tensile proper- annealing temperature decreases. It is 
ties are plotted as functions of grain size, first evident for the material of 47-5 
as has been done in Figs. 7, 8 and 9, cent reduction, in which the wire given a 

Fig. 7 shows that the yield strengths semifinal anneal at 8oo®F. is slightly 
(stress at 0.5 per cent elongation) of stronger than that semifinally annealed 
the wires drawn to the final size with the at 950® and iioo°F. 
heaviest reductions, particularly 83.5 and It is apparent that these yield and 
89.5 per cent, are materially higher than tensile-strength rdationships with respect 
for the wire for which a 47.5 per cent to grain-size parallel the occurrence of the 
reduction was used in the final draw, preferred orientation, the controlling fac- 
Fig. 8 shows a similar relationship with tors of which have been described above. 
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Strength increases as the intensity of the afforded by Fig. 10, in which elongation is 
preferredness increases. This, of course, plotted as a function of tensile strength 
is to be expected from wire whose axis These groups of curves show that the com- 
coincides^with a preferred axis, [iii], bination of strength and elongation over a 



40 50 60 70 40 50 60 70 

TENSILE STRENGTH 1000 PSl 

Fig. 10. — Elongation-tensile strength relationships for annealed 70-30 brass wire or 
0.132-INCH diaheter as affected by the preceding cold-drawing and annealing. 
Dotted line in 6, c and d represents curve for annealed wire, previously annealed at iioo®F. 
and dra-wn 47.5 per cent as shown in a, 

for it is known* that yield strength of limited range of elongation is better for the 
single crystals of alpha brass and of other materials previously drawn 74, 83.5 and 
face-centered cubic metals and alloys is 89.5 per cent than for those drawn 47.5 per 
maximum when the specimen axis is in cent; that is, the strength corresponding to 
the [in] direction. a given value of elongation is higher in this 

Fig. 9 shows that elongation in the range. However, the high ductility of the 
tension test is of the order of 10 per cent more randomly oriented materials, those 
less for a given grain size for the conditions drawn 47.5 per cent before finally anneal- 
producing preferred orientation than for ing, apparently cannot be attained by the 
those producing the more random orienta- materials with the strongly preferred 
tions. This is what might be expected orientation. 

qualitatively from the strength-grain size Values of modulus of elasticity were de- 
trends. A better comparison of the rela- rived from the stress-strain curves made in 
tionships between tensile strength and the testing of the material and were found 
elongation for the various conditions is to be generally higher for final reductions 
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of 74, 83.5 and 89.5 per cent than for 47.5 
per cent. These values are not included 
here because they were not quantitatively 
precise or consistent. This was undoubtedly 
because the stress-strain determinations 
were made on material that was hand 
straightened after annealing. The operation 
affected most of all the initial slope of the 
stress-strain curve from which the modulus 


modulus of single-cr>'stal specimens of 
face-centered cubic metals and alloys, in- 
cluding alpha brass, whose axes approach 
[in], is higher than for other orientations.* 

Summary 

The effects of a number of cold-working 
and annealing conditions upon the occur- 


Table I. — TensUe Properties of Some 70-30 Brass Wire as Drawn 10 Per Cent from 
0.132 to 0.125 Inches and Mechanically Straightened 


Schedule to o 132 In. 

Modulus of 
Elasticity, 
Lb. per Sq. In. 

Stress at 
o.s Per Cent 
Extension, 
Lb. per Sq. In. 

Tensile 
Strenrth, 
Lb. per Sq. In. 

Elongation 
m 2 In., 

Per Cent 

Semifinal 
Anneal, 
Deg. P. 

Reduction, 
Per Cent 

Pinal Anneal, 
Deg. P. 

I zoo 

47 . S 

875 

17.000,000 

48,000 

60,500 

30 

ZlOO 

47. S 

Z050 

X 8,000,000 

43,500 

56,000 

36 

ZlOO 

47.5 

Z250 

19,000,000 

39.500 

53.300 

38 

800 

89 5 

875 

20,000,000 

54.500 

69.500 

22 

800 

89. S 

Z050 

22,500,000 

54,000 

67.800 

35 

800 

89. S 

1350 

23.000,000 

49.500 

1 61.000 

32 


was calculated. The point of incidence of 
plastic deformation was also affected by the 
straightening operation, although the arbi- 
trary yield strength, the stress at 0.5 per 
cent elongation, was affected but little 
and the tensile strength not at all. It was 
for this reason that the tests reported in 
Table i were made. These tests were on 
wires drawn 10 per cent and mechanically 
straightened, selected to represent the 
extreme processing conditions of the inves- 
tigation, so that the most nearly random 
and the most strongly preferred orienta- 
tions were represented. The str^s-strain 
curves were much more nearly linear in the 
early stages than in the tests on the 
annealed materials, and were entirely 
consistent. The trends for the modulus 
values are the same as before, but the 
actual range of values is narrower, the 
highest value being 23,000,000 and the low- 
est value 17,000,000 lb. per sq. in. The 
increased values for modulus of elasticity 
for the particular preferred orientation is 
to be expected, for it is known that the 


rence of preferred grain orientation in 
annealed 70-30 brass wire have been 
investigated. The preferred orientation, 
which may be designated most simply by 
the fiber axis, [iii], decreases in intensity 
as the semifinal annealing temperature 
increases, but increases in intensity as the 
severity of the final reduction by drawing 
increases and also as the final annealing 
temperature increases. The converse of 
each of the factors as stated is to be 
inferred and it is to be noted that the 
last two factors, final draw and final anneal, 
are the most important in determining the 
degree of preferredness. 

The preferred orientation is accompanied 
by significant increases in yield strength, 
tensile strength and modulus of elasticity 
over the values obtaining in randomly 
oriented wire of similar grain size. 
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DISCUSSION 
{Alan Morris presiding) 

G. Edmunds,* Palmerton, Pa.-— Figs. 3, 4, 
and 5 represent the frequency of occurrence of 
twin bands as a function of their angle with 
the wire axis and are plotted over a range of 
180°. Since supplementary angles are, for the 
purpose of this anal3^is, equivalent, the 
graphs should be symmetrical about the 90° 
point. If the data were plotted over an angular 
range of 90°, the number of data for each cell 
would be doubled. 

H. L. Burghoff (author’s reply). — Mr. 
Edmunds’ statement with regard to the 
symmetry of the supplementary angles about 
the 90® point in Figs. 3, 4 and 5 is correct. 
However, not all of the possible sets of twin 
bands were present in a large part of the grains 
examined, and it was for this reason that the 
frequency distribution plots were made from 
0° to 180®. 

• Research Division, New Jersey Zinc 
Company (of Pa.). 



Structure of Copper-zinc Alloys Oxidized at Elevated 
Temperatures 

By F. N. Rhines,* Member, and B. J. Nelson, t Junior Member A.I.M.E. 

(Chicago Meeting, October 1943) 


Studies upon the rates of oxidation of 
copper alloys containing small quantities 
of the alloying elements^-® have shown that 
steady growth of the scales at predictable 
rates is limited to a small concentration 
range and to oxidation at temperatures 
above 6oo®C., whereas unpredictable and 
erratic oxidation behavior is found with 
alloys containing larger additions and at 
low temperatures. The latter effect appears 
to be associated with modifications in the 
geometric disposition of the oxides. 

At low concentrations of the baser ele- 
ments in copper, simple oxidation behavior 
is t3npified by the formation of two distin- 
guishable zones of oxidation: (i) a subscale 
composed of discrete particles of the oxide 
of the alloying element embedded in sub- 
stantially pure copper and (2) an external 
scale composed of cuprous oxide (with a 
very thin layer of cupric oxide on the out- 
side) containing particles of the alloying 
element distributed throughout, but most 
profusely near the metal surface (see Fig. 2, 
top). Where this t3q)e of structure obtains, 
the process of oxidation is believed to be 
implemented, and its rate controlled, by 
the diffusion of the reacting elements 
through a continuous matrix phase; i.e., 
through the alpha (metallic) phase of the 

Manuscript received at the office of the 
Institute June i, 1943. Issued as T.P. 1617 in 
Metals Technology, September I943- 

* Assistant Professor of Metallurgy and 
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tory, Carnegie Institute of Technology, 
Pittsburgh, Pa. 

t Research Assistant, Metals Research Lab- 
oratory. Carnegie Institute of Technology, 
Pittsburgh, Pa. 

^ References are at the end of the paper. 


subscale and alloy and through the cuprous 
oxide of the external scale. Copper is pre- 
sumed to diffuse outward through the cu- 
prous oxide layer to the external surface, 
where it reacts to form more cuprous oxide.® 
Oxygen is delivered at the oxide-metal in- 
terface in the form of cuprous oxide, which 
may either react with the alloying element 
to deposit its oxide at the inner limit of the 
external scale or dissolve in the pure copper 
that remains at the surface of the metal 
after it has become depleted in its oxidiza- 
ble alloying elements. Both oxygen and the 
alloying element are pictured as diffusing 
through the metal, the oxygen inward and 
the alloying element outward. Where the 
two diffusion streams meet in sufficient 
concentration the oxide of the subscale is 
precipitated. If the oxygen pressure in the 
surrounding atmosphere is just below the 
pressure necessary to maintain cuprous 
oxide undecomposed, no cuprous oxide can 
be formed; some of the oxide of the alloying 
element may form upon the external sur- 
face, if its decomposition pressure is below 
that of cuprous oxide, and a normal sub- 
scale appears. This condition is achieved 
experimentally by enclosing the alloy with 
cuprous oxide together with an excess of 
copper. 

At temperatures from 6oo°C. downward, 
the precipitated oxides tend to accumulate 
at the grain boundaries of the alpha phase 
where a relatively small volume establishes 
a partial barrier to the diffusion of the 
reactants. Similarly, large volumes of 
precipitated oxides tend to deposit in 
various patterns that may be expected to 
171 
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hinder the diffusion of the reactants in the 
alpha phase. The rate of oxidation thus 
becomes subject to the influences of the 
geometry of the paths among the foreign 
oxide particles, the changes in form that 
these particles and the paths between them 
suffer with the passage of time at high 
temperatures, and, perhaps, to the rates of 
diffusion within the foreign oxide. 

For this reason, a knowledge of the 
structure of the oxide deposited in the scale 
layers formed upon the less dilute alloys is 
prerequisite to an understanding of their 
modes and rates of oxidation. By way of 
an approach to such a study, the structures 
developed upon the oxidation of the alloys 
of the copper-zinc system have been ex- 
amined and are here described. The survey, 
including some observations from previous 
investigations, covers the concentration 
range of lo to 98 per cent of zinc and a 
temperature range of 300® to 9oo°C. 

Experimental Procedure 

The method of experimentation, pre- 
viously described in some detail,^ was, 
briefly, as follows: Alloys prepared by 
melting OFHC copper and electrolytic 
zinc under borax in clay-graphite crucibles 
in a gas furnace were chill-cast as ingots 
I by 2 by 12 in. The cast surfaces were 
scalped and, wherever possible, the bars 
were reduced 75 per cent by cold-rolling. 
Samples ^ by H by in. were then cut 
from the rolled plates or cast bars and were 
smoothed on 000 emery paper. Two kinds 
of oxidation treatments were applied: (i) 
heating with free access to the air and (2) 
heating in a closed iron chamber packed 
with a mixture of cuprous oxide and copper 
metal powder or foil. In all cases an elec- 
trically controlled (±5®C.) muflOie furnace 
was employed. When necessary to preserve 
the scale intact, the specimens, heated in 
the air, were immersed in Woods metal 
before they had cooled much below the 
heat-treating temperature. All samples 


were cross-sectioned, polished, etched,” 
and examined by conventional metallo- 
graphic techniques. The alloys were ana- 
lyzed for their copper content and the 
residue was assumed to be zinc; a list of 
the alloys, together with their analyses and 
oxidation treatments, is given in Table i. 

Observations 

The chief structural characteristics of the 
oxidized alloys are portrayed by the syn- 
thetic drawings of Fig. la and ib and by 
the photomicrographic series of Figs. 2 
to gbj inclusive. An average impression of 
the structures observed in all of the samples 
listed in Table i at all points along the 
surface of each is represented by the draw- 
ings. In order to indicate more clearly the 
sequence of changes in oxidation behavior 
associated with composition change, the 
liberty of interpolating between the alloy 
compositions examined has been taken. The 
fine details of the structures are best seen 
in the photographs, which have been so 
selected as to be representative within the 
temperature and concentration ranges 
studied; the drawings, Fig. i, will serve as 
a key for the identification of the constit- 
uents appearing in the photographs. A list 
of some of the systematic features of these 
structures may be of assistance in arriving 
at an understanding of the mechanism of 
oxidation. 

I. Cuprous Oxide in the Scale , — Cuprous 
oxide appears as a constituent of the ex- 
ternal scale with oxidation in the air at all 
temperatures in alloys containing up to 
about 20 per cent of zinc (Fig. 2). There 
is some variation from sample to sample in 
the apparent limit of the occurrence of 
cuprous oxide. At low zinc concentrations 


♦A single etch suitable for distinguishing 
the several metallic phases of the copper-zinc 
system without seriously obscuring the struc- 
ture of the oxide was made by mixitig equal 
parts of the following solutions: 

(1) 10 grams of CrO» in 90 c.c. of water. 

(2) 6 grams of KsCrsOz + 24 c.c. of con- 
centrated H 2 SO 4 + 12 c.c. of saturated NaCl 
water solution + 300 c.c. of water. 
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Fig. itf.— S ynthetic drawing op structures seen in copper-zinc alloys oxidized at 300®, 

400®, 500® AND 6oo®C. 

The center of each strip represents the structure of the unattacked alloys from pure zinc at the 
top to pure copper at the bottom. Structures produced by oxidation in the air are shown along 
the right-hand edge, those produced by oxidation in the cuprous oride “pack” along the left-hand 
edge. No quantitative significance is to be attached to the depth of the oxidized zones. 
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the cuprous oxide is the matrix phase of outside the zinc oxide and then as occa- 
the scale and contains embedded particles sional particles. No cuprous oxide forms 
of zinc oxide in greatest concentration near on the samples heated in the cuprous oxide 
the metal surface. As the zinc content of the “ pack ” (Fig. 3 ) . 



:k air pack air pack air 

700*C 800’C 900*C 

Fig. lb . — Same as la, but oxidized at 700°, 800® and 90o®C. 


alloy increases, the tmderlying zinc oxide 2. Zwc in /Ae A continuous 

phase gradually becomes continuous and film of zinc oxide forms on alloys containing 
the cuprous oxide appears first as a layer 20 per cent and more of zinc when oxidized 
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Conditions 
of Oxidation 

6 hr. at goo^C. 


24 hr. at 8oo®C. 


2 days at 700® C. 


4 days at 6oo®C. 


T4 days at 5oo®C. 


14 days at 4oo®C. 


go days at 30o“C. 


Fig. 3.— 



Alloy No. 10 oxidized in cuprous oxide “pack.” Etched. X 100. 
External surface on the right-hand side. 
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Conditions 
of Oxidation 


6 hr. at goo®C. 


48 hr, at 8oo®C. 


48 hr. at 7oo®C 


4 days at 600® C. 



14 days at soo°C. 


14 da3^ at 4oo®C. 


90 days at 3oo®C 


Fig. 4.— Alloy No. 30 oxidized in air. Etched. X icx). 
External sunace on the right-hand side* 
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in the air (Fig. 10). The film is relatively 
thin, somewhat thicker at higher tempera- 
tures, and exhibits very little growth with 
the passage of time (its thickness is exag- 
gerated in the drawings, Fig. i). With very 
rare exceptions, the zinc oxide spalls away 
from the metal surface as the metal cools; 
sometimes the film is wrinkled. Probably 
this is the result of a large difference be- 
tween the coefficients of expansion of the 
oxide and the metal. Where zinc oxide is 
associated with cuprous oxide, it has a pink 
tint, suggesting the presence of dissolved 
copper. This tint persists to some extent 
in the absence of cuprous oxide wherever 
the zinc oxide is in contact with the alpha 
(copper-rich) phase. Formed directly upon 
the beta phase, the tint changes to pale 
yellow and upon the gamma, epsilon and 
eta phases to a gray-white. These observa- 
tions apply as well to the samples oxidized 
in *'pack” as to those oxidized in the air. 
Froelich^ presents analyses of the scales 
formed upon brass that show a copper 
content of approximately 12 per cent in 
the mixed oxides occurring on an alloy con- 
taining 20 per cent of zinc and less than one 
per cent of copper in the “pink” zinc oxide 
from a 30 per cent zinc brass. 

3. Zmc Oxide m the Subscale . — ^No 
continuous film of zinc oxide is found upon 
the external surfaces of samples oxidized 
in the cuprous oxide “pack.” Zinc oxide 
does appear at (or at least very near) the 
outside, but in patches, not uninterrupted 
sheets. Usually some zinc oxide is found 
distributed through the cuprous oxide 
packing material. Since the vapor pressure 
of zinc oxide (presumed to be of the order 
of I X 10“^® mm, at 4oo®C.) is very much 
lower than that of zinc (i X 10’^ mm. at 
4oo®C.) it must be assumed that some zinc, 
arriving at the metal surface, vaporizes 
and later oxidizes as it comes into contact 
with cuprous oxide. The formation of a 
protective and durable film of zinc oxide 
upon aXLoys oxidized in the air further 
argues against a large evaporation of zinc 


oxide as such. Thus the zinc oxide formed 
within the samples during “pack” oxida- 
tion may well be confined to that produced 
as oxygen is delivered to the zinc through a 
layer of copper; where the zinc reaches an 
external surface its rate of evaporation 
probably exceeds its rate of oxidation. 

4. Copper Rim on the Subscale. — Samples 
oxidized in the cuprous oxide “pack” 
exhibit a layer of red copper at the outside 
surface (Figs. 3, S, 7 and 9). Frequently 
this layer spalled away as the sample 
cooled, but some remnants of it were 
retained in almost all cases. Similar oxide- 
free zones have been observed at the sur- 
faces of other oxidized alloys,^*® It has been 
suggested that, during the early stages of 
the reaction, the allo5dng element is de- 
livered to the surface more rapidly than 
oxygen; when the surface metal becomes 
sufficiently depleted in the alloying element 
its rate of diffusion outward falls below 
that of oxygen inward and a subscale is 
initiated somewhere beneath the surface 
where the combined concentrations of 
oxygen and the alloying element reach 
values favorable to the nucleation of the 
oxide. In the present case the zinc reaching 
the surface is presumably dissipated to a 
large extent by evaporation instead of being 
fixed as an external scale. 

5. Simple Subscales. — Simple internal 
oxidation is confined to the copper-rich 
alloys and to high temperatures of reaction 
(Figs. 2 and 3). The particle size of the zinc 
oxide in the subscale increases as the zinc 
content of the alloy rises; at the same time 
the depth of the subscale decreases some- 
what. Beyond 18 per cent of zinc, no true 
subscale was found in samples heated in 
the air, but the subscale persisted in de- 
generate form almost to the maximum zinc 
concentrations in the samples treated in 
“pack.” 

6. Liesegang Structures. — At 10 per cent 
of zinc the oxide particles of the subscale 
exhibit a faint tendency to occur in rows 
(layers) parallel to the external surface, 
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Fig. 6a.— Seeies op copper-zinc alloys (io to 55 per cent zinc) oxidized in air por 90 days 

AT 3oo®C. Etched. X 100. 

External surface on the right-luuid side. 
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Fig. 6&.— Series op copper-zinc alloys (6o to 98 per cent zinc) oxidized in air for 90 days 

AT 3oo°C. Etched. X 100. 

External surface on the right-hand side. 
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Fig. 8a. — Series of coppes-zinc alloys (10 to 48 per cent zinc) oxidized in air for 14 days 

AT soo®C. Etched. X 100. 

External surface on the right-hand side. 
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Fig. 90. Series op copper-zinc alloys (10 to 50 per cent zinc) oxidized in cuprous oxide 

“pace” POR 14 DAYS AT 500 °C. EtCHED. X 100. 

External surface on the right-hand side. 
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Fig. 96. — Series of coppER-2aNC alloys (55 to 98 per cent zinc) oxidized in cuprous 
OXIDE “pack” for 14 DAYS AT 500®C. ALLOYS 90, 95, AND 98 SHOW LIQUATION. EtCHED. X 60, 
EXCEPT ALLOY 9$, WHICH IS X 100. 

External surface on the right-band side. 
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Figs. 3 (qoo®C.) and ii. This tendency in- 
creases with rising zinc content, until, at 
30 per cent of zinc, the oxide is laid down 
in almost continuous bands flayers) alter- 





Fig. 10. — Alloy No. 30 oxidized 9 days at 
7oo°C. IN AIR. Unetched. X 100. 

Notice layer of zinc oxide, cracked away 
from metal surface and somewhat wrinkled, 
along lower edge of metal. The round spots 
within the metal are holes. 

nately with red copper. Figs. 5 (700® and 
8oo®C.) and 12. The analogy between this 
structure and the well-known Liesegang 
rings of colloid chemistry has been pointed 
out.^ For convenience, this structure and 
others involving banding parallel to the 
surface will hereafter be referred to as 
Liesegang structures. 

7. Voids . — ^At a zinc concentration of 
30 per cent, cavities are found in the alpha 
phase to a considerable depth beyond the 
maximum penetration of oxidation in 
samples treated at all but the lowest tem- 
peratures (Figs. 4 and 5). Occasionally this 
effect is seen at zinc concentrations as low 
as 10 per cent. Apparently, the volume 
shrinkage necessary to compensate for the 
extraction of zinc is effected, in part at 
least, by the development of voids. It was 
not found possible, with the evidence at 
hand, to compare the volume of the holes 
with a calculated shrinkage. Where the 


cavities occurred outside the zone of oxida- 
tion, they were obviously empty. Those 
within the zone of oxidation appeared to 
be partly or completely filled with zinc 
oxide. With increasing zinc content, the 
holes become larger and elongated, having a 
tendency to lie perpendicular to the outside 
surface (Figs. 6, 7, 8, 9, 13 and 14). 

8. Layers of the Metallic Phases with 

Oxidation . — ^In general, samples 
oxidized in ‘^pack” exhibit a thick layer 
of the alpha phase mixed with zinc oxide 
at the outside of the scale followed by 
successive thinner layers of zinc oxide 
with the beta, gamma, epsilon (or delta) 
and eta phases toward the interior, up to 
that phase present in the original alloy. 
Sometimes oxidation fails to penetrate to 
the phase present in the core of the sample, 
but invariably extends into, if not through, 
the adjacent phase layer. For example, in 
alloy 75, at temperatures below 7oo®C., 
zinc oxide appears mixed with the alpha 
phase and extends part way through the 
beta phase, but does not extend into the 
gamma (Fig. gh). Owing to the complexity 
of the oxide pattern, it was often difficult 
to identify intermediate phases within the 
scale. The beta layer becomes relatively 
thin in high-zinc alloys and may vanish 
except for occasional pockets between the 
alpha and gamma layers. Nevertheless, 
all expected layers were found in alloy 
98 oxidized in *^pack’* at 300®C. 

9. Layers of the Metallic Phases with 
Air Oxidcdion . — Corresponding layers of 
the metallic phases are generally absent 
with air oxidation. At 3oo°C. two metallic 
layers formed at some compositions, but 
at higher temperatures two phases were 
seen in the microstructures only as they 
appeared in normally two-phase alloys. 
The surface zinc oxide film formed directly 
upon each of the metallic phases of the 
polyphase system. 

10. Grain-boundary Precipitation . — ^With 
decreasing temperature there is an in- 
creased tendency for zinc oxide to accumu- 
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Fig. II. — ^Alloy No. 10 oxidized 12 hours at poo^C. in cuprous oxide “pack.” Unetched. 

X Soo. 

Shows a tendency for the zinc oxide in the subscale to deposit in rows. 

Fig. 12. — Alloy No. 30 oxidized 290 hours at 8oo°C. in cuprous oxide “pack.” Unetched. 

X 500 - 

Shows a well developed Liesegang structure. 

Fig. 13. — Alloy No. 48 oxidized 96 hours at 7oo®C. in cuprous oxide “pack.” Unetched. 

X 100. 

An unusually well developed pattern of cavities perpendicular tg the outside surface. The scale 
has not been preserved. 

Fig. 14. — Alloy No. 55 oxn»izED 168 hours at 6oo®C. in cuprous oxide “pack.” Unetched. 

X 100. 

Typical cavities perpendicular to and connecting with the external surface. The scale has not 
been preserved. 
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late at grain boundaries in the metal matrix 
(Fig. 3). Definite grain-boundarj" precipi- 
tation first appears at about 7oo°C. and 
from 500° C, downward all of the oxide 



Fig. 15. — Alloy No. 55 oxidized 48 hours 

AT 800® C. IN CUPROUS OXIDE “PACK.” Un- 
ETCHED. X 100. 

Shows the manner in which zinc oxide 
deposits within a matrix of copper in the high- 
zinc alloys. The wide crack between the metal 
and the scale contained remnants of zinc 
oxide not visible in the picture. Zinc oxide 
deposits resembling the pattern of holes at 
the top of the picture can be seen in the scale. 

seems to be deposited in the grain bound- 
aries. Where zinc oxide separates within 
the beta, gamma, epsilon and eta phases, 
it is sometimes seen segregated at the grain 
boundaries but more frequently forms 


transciy^stalline streamers, roughly per- 
pendicular to the surface, and resembling 
grain-boundary precipitation in some re- 
spects; the latter configuration is probably 
the result of the oxide accumulating within 
shrinkage cavities. 

11. Liesgang Structures in Eigh-zinc 
Alloys . — ^The “degenerate subscale” pro- 
duced by the “pack” oxidation of alloys 
containing in excess of 40 per cent of zinc 
seems to have been formed by a combina- 
tion of true precipitation of the oxide within 
the metal matrix and deposition within 
cavities (Fig. 15). In repeating layers, the 
oxide precipitation becomes heavier as in a 
Liesegang band, but the periods are much 
farther apart than in the normal Liesegang 
structure (Figs. 7 and 9). A possible reason 
for this is that oxygen diffusion is slowed 
by the interference of zinc oxide particles 
until the rate of delivery of zinc so exceeds 
that of oxygen that the oxide forms for a 
long period at one front and perhaps even 
ceases for a time. The process of oxidation 
can then be resumed only when the zinc 
oxide film is broken by mechanical rupture 
(spalling) or by spheroidization. The zinc 
oxide apparently becomes the continuous 
phase within the zones of its greatest 
concentration. 

12. Spoiling . — Spalling of the scales is 
common. Differential thermal contraction 
as a possible cause of this effect in samples 
oxidized in the air has been discussed. In 
the “pack” oxidized samples, the rupture 
usually follows one or several of the 
Liesegang layers of zinc oxide. Apparently 
spalling, under these circumstances, occurs 
spontaneously during oxidation and not 
first at the time of cooling from the heat- 
treating temperature. A number of high- 
zinc alloys were found to have separated 
into loose concentric shells during “pack” 
oxidation; when shaken the internal parts 
could be heard rattling and upon sectioning 
it was seen that the layers were too far 
separated to have parted owing to thermal 
shrinkage alone, (Samples 70, 75 and 80 of 
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Fig. Q show this efTcct, but the gap has 
been shortened in making the pictures.) 
Perhaps the zinc oxide depositing in cavi- 
ties toward the outside continues to form 
after the holes are filled, expanding them 
and thus enlarging the subscale until it 
breaks away from the base metal along the 
plane of greatest weakness, where the oxide 
is present in the highest concentration. At 
low temperatures and low zinc concentra- 
tions spalling follows grain boundaries 
where the zinc oxide again is most concen- 
trated. There is no evidence to show that 
rupture occurs before cooling in these cases. 

13. Strain Markings. — Strain markings, 
similar to those familiar in cold-worked 
copper, were seen occasionally in the 
alpha phase of the “degenerate subscale.” 
Apparently the differential shrinkage of 
the metal and oxide, when the former 
is a continuous phase, results in plastic 
deformation below the recrystallization 
temperature. 

14. Refinement of Alpha Grains . — 
refinement of the grain size of the alpha 
phase, next to the zone of oxidation in 
low-zinc samples oxidized in the air at 
7oo°C., was found in several samples. This 
behavior has been observed previously® 
and has not been explained satisfactorily. 

15. Cracking of Brittle Metallic Phases . — 
Alloys predominating in the brittle gamma 
and epsilon phases usually were cracked 
throughout (Figs. 6, 7, 8 and 9). The effects 
of oxidation sometimes penetrated deeply 
along the surfaces of the cracks. This con- 
dition has been ignored in making the 
drawings of Figs. la and 16. 

16. Oxidation of the Eta Phase in Epsilon 
+ Eta Alloys. — ^The only instance of the 
independent oxidation of the minor phase 
of a duplex alloy seen in these studies was 
that of the oxidation of the eta phase in 
alloy 90, Fig. 6. 

17. Influence of the Time of Oxidation . — 
Brief studies of the influence of time at 
temperature. Table i, upon the thickness 
of the scales have revealed marked irreg- 


ularity. Most of the observations were 
made with the copper-rich alloys. In some 
cases the scales appeared to grow more or 
less regularly; elsewhere little or no in- 
crease in thickness was seen after two and 
four times the initial heating period; occa- 
sionally the scales found in the longest 
treatments were actually thinner than 
those produced in shorter intervals. The 
restraining influence of continuous layers 
of zinc oxide coupled with spalling due to 
temperature oscillations and the lateral 
growth of scales is probably responsible for 
these irregularities. 

18. A Paradox. — ^It is interesting that 
the depth to which the metal is affected 
by oxidation is greater when access to 
oxygen is restricted than when air flows 
freely over the metal. A possible explana- 
tion of this paradox has been suggested 
above, in the protective action of zinc oxide 
when it forms on the surface together with 
the tendency for zinc to vaporize aw^ay 
from the surface without forming an oxide 
film when the oxygen pressure is low. Some 
of the air-oxidized samples developed, on 
the surfaces upon which they rested in the 
furnace, scales similar to those resulting 
from “pack” oxidation. This is significant 
because it shows that the two extremes 
represented in these studies may be en- 
countered in ordinary annealing practice or 
where copper-zinc alloys are used at high 
temperatures under oxidizing conditions. 

19. Liquation. — Few cases of oxidation 
in the presence of liquation were examined 
(Figs. 8& and (fb). Oxidation of the liquid 
phase appears to be greatly accelerated 
over the oxidation of the solid phases. In 
pack oxidation the zinc oxide seems to form 
as solid particles dispersed throughout the 
liquid. 

20. Phase Changes during Cooling . — 
Many of the alloys obviously underwent 
phase changes during cooling. These have 
been ignored in the interpretation of the 
structures; i.e., the structures have been 
viewed as they must have been at the 
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Table i. — A?ialyses and Oxidation Treatments 


Alloy N'.irnj r , 


Wc-tKht 

Pur Cent 


Duration of Oxidation in Hours at Temperature Indicated. 
B<»th Coriditions of O-icidation Apply Except Where Marked: 
ttf) in Air Only, (b) in CuaO Powder Only 


Zmc 

Contf-t, 

C'ipper 

1 

Zinc fby 
Difference j 

i 

300®C 

400®C. 

S00®C. 

6oo®C. 

700°C. 

8oo®C. 

90o°C. 

zo 

j 89 28 

1 10 72 

i 

i 

1 2.160 

1 

1 

! 

336 

624 

672 

1.344 

135 

336 

360(6) 

96 

168 

192 

384 

48 

96 

216 

24 

96 

290 

6 

12 

24 

14 

St) bs 

! 

i 

13 35 

2,160 

336(a) 

135 

336 

360(6) 

none 

48 

192(a) 

24 

96 

6 

12 

24 

iS 

! 81 66 

18 34 

2,160 

336(a) 

135 

336 

360(6) 

none 

48 

192(a) 

24 

6 

12 

24 

24 

76 47 

24 53 

2,160 

336 

624 

672 

1.344 

135 

336 

241 

96 

168 

192 

384 


96 

290 

6 

12 

24 

SO 

69 29 

30 71 

2,160 

336 

624 

672 

1.344 

135 

241 

360(6) 

96 

168 

192 

384 

48 

92 

192(a) 

216 

24 

48 

96 

290 

6 

12 

24 

40 

59 24 

40 76 

2,z6o 


336 

360(6) 

168 

96 

48(a) 

6 

12 

24 

4 S 

53 53 

46 47 

2,160 

624 

336 

360(6) 

x68 

96 

48 

none 

48 

51 . IS 

48 8S 



241 

336 

168 

96 

48(a) 

none 

SO 

49 68 

SO 32 

2,160 

624 

336 

z68 

96 

48 

none 

55 

! 44 29 

55 71 

2,160 

624 

336 

z68 

96 

48 

none 

60 

40.7s 

59 25 

2,160 

624 

336 

168 

96 

48 

none 

6S 

36.24 



624 

336 

168 

96 

48 

none 

70 

30 90 

69 10 

2,160 

624 

336 

168 

96 

none 

none 

75 

25.50 

74 SO 

2,160 

624 

336 

168 

96 

none 

none 

80 

19.72 

80 28 

2,160 

624 

336 

none 

none 

none 

none 

90 

10 . 15 

89.8s 

2,i6o 

624 

336 

none 

none 

none 

none 

95 

4 35 

95 6s 

2,160 

624 

336 

none 

none 

none 

none 

98 

2.38 

97 62 

2,160 

624 

336 

none 

none 

none 

none 


oxidizing temperature. Recr3rstallization 
of the metal phase, of course, has accom- 
panied oxidation in the cold-rolled alloys. 
No attempts have been made to determine 
what effect this may have had upon the 
resultant scale structures. 

Discussion of the Observations 

It is now possible to propose an ele- 
mentary outline of the general process of 
oxidation in copper-zinc alloys, based upon 


the present observations together with 
previous knowlege of the mechanism of 
oxidation in simple systems. 

a. Copper oxide appears only in the 
external scale and then only when the 
oxygen pressure in the attacking atmos- 
phere is above the decomposition pressure 
of cuprous oxide and at the same time the 
zinc delivery to the surface is inadequate 
to permit the formation of a continuous 
film of zinc oxide. 
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b. Zinc is delivered to the front of reac- 
tion by diffusion through the metal. This 
means that its rate of delivery increases 
with rising temperature and with an in- 
creased concentration gradient; the con- 
centration gradient is, of course, steepest 
at the beginning of oxidation and in those 
alloys richest in zinc. 

c. Oxygen is delivered to the front of 
reaction in one or more of several ways, 
depending upon the circumstances: (i) by 
direct contact of the gas at or in front of 
an open surface either external or within a 
crevice, (2) by the decomposition of cu- 
prous oxide in contact with zinc, or (3) by 
diffusion through the metal.* 

d. Where zinc and oxygen meet in 
sufiB.cient concentration, zinc oxide forms. 
This may be; (i) within the metal where- 
upon a true subscale forms, (2) at a surface 
where a true external scale forms, or (3) 
beyond a surface (an external surface, a 
crevice, or within a cavity) where the zinc 
vapor oxidizes. 

e. A continuous film of zinc oxide pro- 
vides a barrier to the diffusion of the 
reactants; its growth is therefore slow. 

/. The withdrawal of zinc from allojrs 
containing in excess of 10 per cent of zinc 
results in the formation of cavities which 
are larger, more elongated perpendicular 
to the surface, and more interconnecting, 
the greater the zinc content of the alloy. 

g. The deposition of zinc oxide within a 
metal matrix or within holes in the metal 
causes the latter to expand and thus pro- 
vides the stresses necessary to bring about 
spalling. 

h. Where zinc oxide deposits as a mixture 
with metal, it tends to become the con- 
tinuous constituent periodically (Liesegang 


• In connection with the last of these 
processes, it should be pointed out that the 
solubility of oxygen is considerable only in 
substantially pure copper and that the diffusion 
of oxygen through the metallic phases contain- 
ing zinc must, therefore, be small compared 
with that through the copper that has been freed 
from zinc in the course of oxidation. 


structure), and spalling cracks follow such 
zones. 

i. The precipitation of zinc oxide within 
the alpha phase of the alloy occurs gener- 
ally at high temperatures and chiefly at 
grain boundaries at low temperatures. 

y. When zinc is being xvithdrawn from 
the alloy at a relatively high rate, a com- 
plete series of the possible metallic phases, 
as dictated by the phase diagram, is formed 
in concentric shells, from alpha (at the 
outside) to the phase present in the core 
alloy at the center. If the outward diffusion 
of zinc is retarded by a protective film of 
zinc oxide, the composition of the core alloy 
is maintained to the interface with the 
oxide. 

With certain evident exceptions, these 
factors are active over the entire range of 
alloy compositions, but the relative impor- 
tance of each differs with the composition 
of the alloy, the temperature of oxidation 
and the oxygen concentration of the 
atmosphere. Moreover, the details of the 
process must change with time, during 
oxidation, for whenever a barrier of zinc 
oxide is established, the reaction is greatly 
retarded and then accelerates again when, 
through spalling or spheroidization, the 
barrier is broken. In “pack” oxidation 
the outer layers of the scale grow out of 
the debris of the inner layers and these in 
turn must change in the character of the 
voids developed in them and the degree 
of subsequent expansion as the zinc con- 
centration gradient becomes less steep. 
Superimposed upon these complications is 
the influence of the shape of the specimen 
upon its response to the contracting and 
expanding forces that lead to spalling. 

Clearly, there is ample reason to expect 
the rates of oxidation of the copper-zinc 
alloys to be erratic and difficult to re- 
produce: 

Summary 

The structures of copper-zinc alloys 
containing from 10 to 98 per cent of zinc, 
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after (jxidation in the air and also in a 
clo5C<l vessel containing cuprous oxide, 
at temperatures from 300® to ooo^C., have 
been described. Based upon these observa- 
tions, an elementarj' outline of the mech- 
anism of oxidation has been proposed. 
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Grain Growth and Recrystallization of 70-30 Cartridge Brass 

By R. S. French* 

(New York Meetingr, February 1944) 


The purpose of this paper is to present 
data that have been obtained during the 
past two years concerning the effects of 
prior cold-work and temperature and 
time of anneal upon the recrystallization 
and grain growth of 70-30 cartridge brass. 
It was desirable to study certain of these 
phases so that an accurate picture of the 
principles of the subject could be shown. 
The work is not intended to provide ex- 
plicit annealing data, but to provide 
material examples that may help to clarify 
analogous problems concerning this alloy. 
Specifications often set limitations upon 
the grain size of annealed materials because 
of the importance of grain size upon sub- 
sequent manufacturing operations. It was, 
therefore, worth while to study the vari- 
ables that affect the recrystallized grain 
size of this material. 

C. H. Mathewson and A, Phillips,^ 
W. R. Webster,® and others have presented 
aimealing characteristic curves of this 
alloy. A recent typical curve presented by 
R. S. Pratt® is shown in Fig. i. The tensile 
properties and grain sizes are shown as 
functions of the annealing temperature. 
Such curves serve as a useful guide in 
determining the physical properties of 
annealed material, but as they are made 
generally under carefully controlled labora- 
tory conditions they do not indicate the 

Manuscript received at the office of the 
Institute Sept. 22, 1943. Issued as T.P. 1673 
Metals Technology, February 1944. 

* Bridgeport Brass Co., Bridgeport, Conn. 

^ References are at the end of the paper. 


performance of metal annealed in a mill 
muffle, where such conditions as amounts 
of metal, heating time and temperature 
may differ. 

Study of the effect of time and tempera- 
ture upon grain growth and subsequent 
recrystallization was made with a coil of 
metal having the following analysis: 70.04 
per cent copper; 0.007 lead; 0.007 iron; 
0.00 tin; 0.00 silicon; 0.001 nickel; o.ooo 
phosphorus; balance zinc. The sample coil 
was obtained from metal that had been 
reroUed from hot-rolled mill stock, and 
was received at 0.228-in. gauge, soft, with 
a grain size of 0.125 mm. This material 
was then rolled 43.5 per cent to 0.129-in. 
gauge and annealed to a 0.0 53 -mm. grain 
size. In this condition, samples were cut 
and used in all of the experimental work 
reported in this paper. 

Time 

The first study was of crystal growth 
at a constant temperature over a moderate 
length of time. Material was cut from the 
stock coil at 0.129-in. size and rolled 75 per 
cent hard to 0,032-in. gauge. From this 
piece small samples were cut H by 2 in., 
suitable for grain-size determinations . 
Twelve samples were placed in an electric 
furnace uniformly across the width, ap- 
proximatdy an inch from the floor. A 
thermocouple was wired to the center 
sample, so that the approximate metal 
temperature could be followed. At various 
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Fig. I, — Characteristic annealing curves for 70-30 cartridge brass. 

Showing effect of anneaUng upon tensile properties and gr^ size of cold-rolled material 
The metal had previously been cold-rolled 50 per cent reduction in gauge, 0.080-mm. grain size. 
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Fig. 2. — Curve showing eepect oe time upon grain size op cartridge brass sample held at 

^ A constant temperature. 

Prior to the anneal, the material had received a 75 per cent reduction in gauge by cold-rolling, 
0.053-jnm. grain size. 
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times up to 5 hr., samples were removed uniformly, although as time increased 
from the furnace by attached wires and there was an indication of a decreasing 
allowed to air cool. Fig. 2 shows the results rate of growth. The results of this series 



Time in Hours 

Fig. 3.— Grain growth or cartridge brass as atfected by time and temperature of anneal. 

The mateiial was annealed to an 0.053-nim. grain size, cold-rolled 75 per cent hard to o 050-in. 
gauge and annealed as indicated. 


obtained using a furnace temperature of 
57S®C. The resultant grain size, and aver- 
age metal and furnace temperatures 
are shown plotted against time. The ther- 
mocouple and its attached sample required 
about hr. to reach a constant tempera- 
ture. Recrystallization was complete within 
the first 2 min., and this was followed by 
a 30-min. period of active growth to 0.040 
mm. The grain size during the i to 5-hr. 
period increased slowly, and more or less 


Table i. — Results of Armedlmg Tests 
at Constant Temperature 


Furnace 
Temperature, 
Deg. C. 

|4 

u| 

Average Sample 
Temperature, 
Deg. C. 

Grain Siee after 
Initial Growth, 
Mm. 

Time of Initial 
Growth, Ai>- 
prox., Min. 

Grain Siise after 
3-hour Period, 
Mm. 

Grain Size after^ 
5-hour Period, 
Mm. 

500 

7 

500 

0.018 

30 

0.045 

0.050 

575 

7 

560 

0.040 

15 

0.075 

0.087 

655 

15 

635 

0.087 

30 

0.120 

0.140 
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and two other temperature series are 
shown in Table i. 

Figure 3 is a replot of the data in which 
the grain size values have been plotted to 


can be seen that extremely coarse grains 
can be obtained when operating in regions 
of very high temperatures and long-time 
anneals. It is beyond the scope of this 



Fig. 4. — Grain growth of cartridge brass as affected by prior reduction by cold-rolling 

AND TEMPERATURE OF ANNEAL. 

The material had an 0.053-mm. grain size at 0.129-in. gauge and was rolled and annealed for 
one-hour periods as indicated. 


form a three-dimensional diagram against 
temperature and time of anneal. The dotted 
line on the diagram represents the cus- 
tomary curve of temperature vs. grain size 
for i-hr. anneals shown in Fig. i, over a 
very narrow region of temperatures. By 
comparing the i-hr. and s-hr, curves, it 


paper to discuss specifically the effect of 
impurities upon crystal growth,^-® but it 
should be pointed out that in a considera- 
tion of other brasses in which the purity 
is not as high as in cartridge brass the 
presence of many elements, intentionally 
or unintentionally present, may also have 
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quite an effect upon the rate of grain cold-rolling from the soft, 0.129-in. size, 
growth, and so becomes another important Samples of this material were annealed 
variable in a consideration of a sample’s at various temperatures for one hour, and 
annealed properties. from them grain size samples were pre- 



90fX 10 SO 30 40 50 00 70 80 

Percent Reduction by Rolling 

Fig. 5. — Characteristic rolling curves of cartridge brass. 

Material received soft at 0.228-in. gauge and o.i2S-mm. grain size, rolled to 0.129-in. gauge, 
annealed to 0.053-inm. grain size, and rolled as indicated. 

Cold-work pared. The results plotted in a three- 

A second study was made to show the dimensional diagram are shown in Fig. 4» 
effect of prior cold-work upon the an- grain size being plotted against tempera^ 
nealed grain size. Bassett and Davis® were ture for each of the reductions. While the 
among the first investigators to report that prior reduction by cold-work does not 
the condition of the metal prior to a low- seem to affect grain size greatly at the 
temperature anneal had an effect upon the higher temperatures, it does affect the 
hardness and grain size of brass, and grain size and temperature of reciystaUiza- 
very recently Maurice Cook and T. L. tion. Fig. 4 illustrates that as the amount 
Richards’^ have presented a comprehensive of prior cold-working increases, the size 
paper upon the effect of a wide range of of the recrystallized grain and the neces- 
prior reductions by cold-rolling upon the sary temperature of recrystallization de- 
directionality characteristics of the sub- creases when time is held constant, 
sequently annealed 70-30 brass samples. Bassett and Davis,® F. G. Smith,® 
The present tests were made at a constant C. Upthegrove and G. Harbert,® and others 
flTiTipflliTig time of I hr. using samples with have shown also that the grain size prior 
four different degrees of cold-work. Sam- to cold-working and subsequent annealing 
pies were cut from the stock coil and given affects the resultant recrystallization and 
25 per cent, 50 per cent, 75 per cent, and 90 grain growth of cartridge brass. Time has 
per cent respective reductions in gauge by prevented work on materials of other than 
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Fig. 6. — 70-30 cartridge brass as cold-rolied 76 per cent hard. X 250, 

Fig. 7. — 70-30 CARTRIDGE BRASS COLD-ROLLED 76 PER CENT HARD. 

Annealed for 30 min. at 325^0. Rockwell F-92; 97 per cent reciystallized. X 250.* 

Fig. 8.— 70-30 cartridge brass rolled 76 per cent hard and annealed at 325^0. for 40 
minutes Rockwell F-91.5; 0.005-MM. grain size. X 250. 

Fig. 9.— 70-30 Cartridge brass rolled 76 per cent hard and annealed 325°C. for 50 
minutes. Rockwell F-qi.o; 0.007-MM:. average grain size. X 250. 

All samples etched with NH40H.H20i. 


and are estimates of a much larger surface area than 

are included on these photomicrographs. 
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Fig. 10.— 70-30 CAK.TEDGE BRASS ROUED 50.4 PER CENT HARD. X 200. 

Fig. II. — 70-30 CARTRIDGE BRASS ROUED 50.4 PER CENT HARD AND ANNEALED AT 325 °C. FOR 

160 MINUTES. Rockwell F-86; 98 per cent recrystaieized. X 200. 

Fig. 12.— 70-30 CARTRIDGE BRASS ROLLED SO.4 PER CENT HARD AND ANNEALED AT 32S®C. FOR 

180 MINUTES. X 200, 

Rockwell F-85; 0.010-inm. grain size approximately. 

Fig. 13.— 70-30 CARTRIDGE BRASS, ROLLED 29.5 PER CENT HARD. X 200. 
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Fig. 14. — 70-30 CARTRIDGE BRASS, ROLLED 
29.5 PER CENT HARD, AND ANNEALED AT 400®C. 
FOR 15 IHNUTES. X 200. 

Rodcwell F-81; 98 per cent recrystallized. 


0.053 -mm. grain size but it is also a vari- 
able that must be taken into consideration. 

Recrystallization 

There are well-known laws concerning 
recrystallization, and various authors have 
shown the correlation of some of these fac- 
tors in brass and ferrous alloys. The 
question arose as to the exact time of com- 
plete recrystallization for cartridge brass 
as affected by changes of temperature and 
amounts of prior deformation. 

A set of increasingly worked material 
was rolled from the stock coil, and pro- 
vided a group that could be cut up and 
annealed for various lengths of time at 
various temperatures. The physical prop- 
erties of these samples had been plotted® 
as a rolling characteristic curve, shown in 
Fig. 5. At the start of the work, it was 
necessary to find a satisfactory heating 
medium at an operating temperature low 
enough to allow recrystallization to take 
place slowly and permit the study to be 
made. A salt bath with a temperature range 
from 200° to 5oo®C. proved quite satis- 
factory and was used throughout the tests. 
To establish the curves, samples rolled 

50.4 per cent, 65.2 per cent, and 76 per cent 
hard were annealed at 300®, 350°, and 
4oo°C., for 2}i, 5, 8, 10, and 20 min., 
respectively. This preliminary work more 
or less established the region of some of the 
recrystallization curves. Samples were all 
subjected to Rockwell hardness tests and 
polished for microexamination. Very few 
of these samples were completely recrystal- 
lized, but by following the Rockwell hard- 
ness values and estimating the percentage 
of residual cold-worked grains in each of the 

Fig. 15. — 70-30 CARTRIDGE BRASS, ROLLED 

29.5 PER CENT HARD AND ANNEALED AT 400®C. 
FOR 17 MINUTES. 

Rockwell F-81; o.oiS-mm. grain size aver- 
age. X 200. 

Fig. 16. — 70-30 CARTRIDGE BRASS, 29.5 per 
CENT HARD, ANNEALED AT 400 °C. FOR 20 
MINUTES. 

Rockwell F-80; 0.020-mm. grain size, aver- 
age. X 200. 
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Fig. 17. — Group of curves showing effect of at-ready repuction and temperature upon 

TIME FOR COMPLETE RECRYSTALUZATION OF CARTRIDGE BRASS 
Material annealed to 0.053-mm. grain size at 0.129-inch gauge and rolled and annealed as 
indicated. 
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partly recrj’Stallized samples, estimations later, material cold-rolled 25 per cent or 

could be made as to the time necessary for more recrystallized with a grain size of 

complete recr>'stallization for any of the 0.030 mm. or finer, so that it was compara- 

temperatures or reductions. Then in a tively easy to detect grains that had not 



Time in Hours 

Fig. 18. — ^TnrE of complete becrystaluzation of cartridge brass vs. temperature and 

PERCENTAGE PRIOR REDUCTION BY COLD-ROLLING. 

A diagram of the data shown in Fig. 17. 


similar manner, these times were checked. 
Subsequently material 8, 17, 21.7, 29.5, and 
42 per cent hard was also studied. The 
data obtained are reported in Table 2. 
The time to heat and recrystallize a sample 
at temperatures and reductions that allow 
for immediate reciystallization was about 
2 min., so that all the curves approach 
that limit. (Strain lines in some grains per- 
sisted until a very short time before grain 
growth began, and any particular sample 
that showed any traces of cold-work was 
disregarded.) 

A problem developed in the determina- 
tion of the time of recrystallization in the 
H^t reduction samples. As will be shown 


recrystallized, but it was very diflBlcult with 
the material 8 to 17 per cent hard, in which 
the annealed grain was only slightly 
smaller, if at all, than the size of the hard 
grain. It was found by observation that in 
these two low reductions uniform grain 
growth took place after the completion of 
reciystallization; therefore samples were 
annealed for various times, and then pol- 
ished, etched, and counted; the time for 
total reoystallization being taken at the 
time grain growth was fbrst observed. 
Mathewson and Phillips^ suggested that 
material lightly cold-worked lacked suffi- 
cient “iimer surfaces” of slip to bring 
about reoystallization as such, and healed 
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upon annealing without reorientation of 
the grains. Likewise, Eastwood, Bousu and 
Eddyi® and recently S. E. Maddigan and 
A. I. Blank^^ also have shown that the 
formation of nuclei are unnecessary in the 
softening of such material. In the present 
work the times necessary to anneal the 
lightly worked material and to start grain 
growth seem to fit smoothly in with the 
other recrystallization data. 

Pictures have been taken showing how 
three points in Fig. 17 were determined. 
Figs. 7, 8, and 9 show the results obtained 
when material 76.0 per cent hard (Fig. 6) 
is annealed at 32S°C. for 30, 40, and so-min. 
periods, respectively. Reaystallization oc- 
curred in Fig. 8 after a 40-min. anneal 
at this temperature. Fig. 7 shows about 
97 per cent recrystallization while Fig. 9 
shows that slight grain growth has occurred. 
Figs. 10, II and 12 show the reaystalliza- 
tion of a 50.4 per cent hard sample also 
at 325®C. These samples were annealed 
160 and 180 min., respectively, and it 
was the sample in Fig, 12 that showed 
100 per cent reaystallization. Material 
29.5 per cent hard (Fig. 13), recrystallizing 
at the 4oo°C. temperature, required an 
annealing period of 17 min. Fig. 14, a 
sample annealed 15 min., shows again 
an area of cold-work. Fig. 15 is recrystal- 
lized and Fig. 16, after a 20-min. anneal, 
shows some grain growth. There may be a 
question concerning the lack of uniformity 
of these completely reaystallized struc- 
tures. Growing grains do tend to become 
more equiaxed and uniform, and, realizing 
that reaystallization begins at points of 
high stress concentration, it seems evident 
from the photomiaographs of the hard 
material that it would be impossible to 
expect uniformity in the newly bom 
oystals; i.e., some have a head start in 
growth. 

Figs. 17 and 18 show the results of these 
tests as plotted. Fig. 18 is a three-dimen- 
sional view of Fig. 17 and serves as a 
model only, but gives a very dear picture 


of the behavior of recrystallization as 
affected by the three variables, time, 
temperature and percentage of reduction. 
In Fig. 17, the amount of cold-work, 
indicated as percentage reduction of gauge 
is plotted against time in hours and 
minutes, and the time necessary for 
reaystallization is plotted according to 
the temperatures of the test. 

Recrystallized Grain Size 

The grain sizes of all the completely 
recrystallized samples shown in Fig. 17 

Table 2. — Points Obtained Jor Total 


Recrystallization Series 


Tem- 

pera- 

ture, 

Re- 

duc- 

tion, 

Per 

Cent 

Time 

Grain 

Size. 

Mm. 

Hard- 
ness, 
Rock- 
well P 

Sam- 

ple 

No. 

Gauge. 

In. 

300 

76.0 

Hr. 

I 

Min. 

2 S 

0.005 

94.0 

3063 

0.03X 

325 

76.0 


40 

0.005 

91.5 

3a6Xi 

0.031 

325 

65.2 


S 5 

0.007 

90. 5 

325X1 

0.04s 
0 064 

325 

SO. 4 

3 

00 

0 010 

85.0 

324X10 

350 

76.0 


7 

0.006 

94.0 

3563 

0.031 

350 

65.2 


10 

0.010 

91.0 

3 SSI 

0.04s 

350 

SO. 4 


32 

0.013 

87.0 


0.064 

350 

43.0 


4 S 

0.013 

88.5 

0.075 

350 

29.5 

3 

00 

0.020 

80.0 

353X8 

0.091 

400 

76 0 


2 

0.004 

0.008 

92.0 

4068 

0.031 

400 

65.2 


2 


4058! 

0.04s 

0.064 

0.091 

400 

400 

SO 4 
29. s 


xJ 

0.010 

0.017 

86.5 

81.0 

4049 

4032 

400 

21.7 


32 

0.036 

77. s 

4 W 3 

O.IOI 

400 

17.0 

I 

10 

0.037 

77.0 

401X1 

0.107 

450 

29.5 


s 

0.031 

79.0 

45® 

0.091 

450 

21.7 


8 

0.024 

76,5 

O.IOI 

450 

17.0 


12 

0.033 

7 S .0 

4SlXl 

0.107 

450 

8.0 

2 

10 

0.054 

63.0 

458X4 

0.119 

500 

17 0 


4 

0.033 

72. s 

501X1 

0.107 

500 

8.0 


17 

0.052 

67.0 

508X1 

0.II9 


were counted by four laboratory assistants 
and the results were averaged (Table 2). 
A curve of these values plotted against 
the amount of prior cold-work is similar 
to one previously reported by Eastwood, 
Bousu and Eddy.'* This curve (Fig. 19) 
shows that the size of the crystals increases 
as the amount of prior deformation is 
deaeased (Fig. 4) and reaystallized grain 
size is independent of the temperature of 
anneal. The indications seem to be that 
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in fully annealed lightly worked material lization would be defined as an average 
the grain size might be very large. one-point drop in F Rockwell from the 

hard state, as rolled. Any slight rise 
Initial Softening by .Anneal hardness due to relief of stress of re- 

Fig. 18, the three-dimensional diagram covery before softening was disregarded 
for total recrj^stallization, shows that and the annealing was carried until a 



Fig. 19. — Eitect oe prior reduction and of temperature upon initial grain size of 

RECRYSTALLIZED CARTRIDGE BRASS. 

Material had been annealed to an 0.053-mm. grain size and rolled as indicated prior to com- 
plete recrystallization anneal. 

above the diagram there lies a region of one-point drop from the original , hard 
grain growth and below a region of partially value was obtained. It was felt that 
recrystallized metal. After the completion this basis was more practicable than 
of this diagram, work was continued and that of allowing the metal to recrystal- 
data gathered for a diagram to show how Hze far enough actually to see new 

percentage reduction by cold-work and grains, for this would have exceeded 
temperature of anneal aJffect the time useful relief-annealing temperatures and 
of the early stages of recrystallization, much softening would have occurred. 
Mathewson and Phillips^ had investigated The question may be raised that a one- 
the time necessary to start softening of a point change exceeds the accuracy of a 
40 per cent hard 70-30 brass annealed Rockwell machine. The rolled brass was 

at various temperatures from 225® to found to be perfectly homogeneous, the 

32S®C., by annealing at the given tempera- Rockwell machine was checked daily, 
ture until a three-point drop in scleroscopic and all samples were tested at least 

hardness was obtained. three times before and after the anneal 

X-ray equipment not being available was made. The anneals were made exactly 
in our laboratory, it was arbitrarily as previously described on similar material 
decided that the beginning of recrystal- cold-rolled from the coil. 
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lime In Hour^ 

Fig. 20. — Effect of phiok reduction and temperature upon time of initial softening of 

RECRYSTALLIZATION OF CARTRIDGE BRASS. 

Material had been annealed to an 0.053-mm. grain size at 0.129-inch gauge and was rolled and 
annealed as indicated. 
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Table 3 shows the tabulated results duplicated on a finer and a coarser grain- 
obtained and Figs. 20 and 21 the results size material than was used herein (0.053 
plottc<l in the two and three dimensions, mm.). An attempt was made to treat 
as before. These curves indicate that the the total recrystallization data analytically 



1^4 I 2 3 4 

Time in Hours 


Fig. 21. — Time op initial softening of becrystallization of cartridge brass vs. tempera- 
ture AND PERCENTAGE PRIOR REDUCTION BY COLD-ROLLING. 

A diagram of the data shown in Fig. 20 . 


well-known rules concerning complete 
recrystallization also concern the beginning 
of reaystallization. The region immediately 
over any temperature curve is partially 
reoystallized metal, while that under the 
curve is substantially hard material. 

From these two curves on recrystalliza- 
tion and grain growth there have been 
elimin ated the variables prior to cold- 
work, of grain size, and chemical analysis 
changes, etc., by the use of material from 
the same stock coil for all anneals; but it 
should be pointed out that to cover this 
subject completely, the work would be 


but no satisfactory conclusions were 
reached. 

Summary 

1. The physical properties of cartridge 
brass in the annealed condition are largely 
dependent upon the grain size. 

2. Grain growth is affected by composi- 
tion, the prior deformation and grain size 
and by the time and temperature of anneal. 
Grain size will be greater, the higher the 
temperature and the longer the time of 
anneal. 

3. While there are other factors— such 
as purity, composition and grain size 
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Table 3. — Points Obtained for Initial 


Recrystallization Series 


Tem- 

pera- 

Re- 

duc- 

tion, 

Per 

Cent 

T':— ^ 

Hardness. 
Rockwell P 

Sam- 

ple 

No. 

Gauge, 

In. 

beg! 

c. 



Be- 

fore 

Aft- 

er 

250 

80 0 

Hr. 

I 

Min. 

SO 

no 5 

109 5 

2S9Yi 

0.0255 

250 

76.0 

2 

27 

110 0 

109 0 

256 Y2 

0.031 

27S 

80.0 


16 

no 5 

109. 5 

279Y1 

0.0255 

275 

65.2 


32 

IIO.O 

Z09.0 

27SYi 

0.04s 

275 

50.4 

I 

IS 

108.0 

107.0 

274Y1 

0 064 

300 

80.0 


4 

no. 5 

109 0 

309Y1 

0 0255 

300 

65 2 


6 

IIO.O 

Z09.0 

305Y1 

0 0^5 

300 

50.4 


13 

108.0 

107.0 

304Y1 

0 064 

300 

42 0 


25 

106.0 

105.0 

307Y1 

0.075 

300 

29 5 

2 

10 

102.5 

101.5 

303Y1 

0.091 

325 

SO . 4 


5 

108 0 

107.0 

324Y1 

0 064 

325 

29 5 


3 

103.0 

102.0 

323Y1 

0 ogi 

325 

17.0 

I 

35 

96 0 

95 0 

321Y1 

0.107 

350 

42.0 


2 

106.0 

105.0 

3S7Yi 

0.075 

350 

29 5 


9 

102.0 

XOI.O 

3S3Yi 

0 091 

350 

17 0 


19 

96 0 

95 0 

3SiYi 

0.107 

350 

8.0 


55 

86.5 

85.5 

358Y1 

0.119 

350 

4 2S 

I 

30 

81 0 

80.0 

3S10Y1 

O.I23S 

400 

29.5 


I 

102.0 

lOI.O 

403Y1 

0.091 

400 

400 

400 

17.0 

8.0 

4 25 


1 

II 

96.0 

86.0 

81.0 

95.0 

85.0 

80.0 

401 Yi 
408yi 
4010Y1 

0 107 
0.1x9 

0.I23S 


prior to deformation — the time, tempera- 
ture and deformation factors have been 


Graphs and data shown in this report 
should be used as examples only. The 
history of a sample is most important and 
direct use of any of these curves may cause 
undesired results. 

The grain sizes required for cartridge- 
case material are generally coarser than 
that of the material used in this report. 

It is admitted that many factors must 
be studied in connection with recrystal- 
lization and grain growth of the alpha 
crystals found in cartridge brass, but it is 
hoped that some light may have been 
thrown on the general picture of its 
behavior and that perhaps some inspiration 
for further studies of this subject may be 
gained from this paper. 
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DISCUSSION 

{Alan Morris presiding) 

D. L. Martin,* Schenectady, N. Y. — The 
author indicates, in Figs, i and 4, that for a 
given reduction and annealing time the grain 
size increases with temperature, and at any 


peratures was uniform, but at intermediate 
temperatures a mixed grain structure was 
obtained. 

It has been my experience that a mixed 
grain structure is frequently encountered in 
annealed silver, copper, and copper alloys. 
For example, in Fig. 23 is shown the mixed 
structure obtained in a 70-30 brass rod an- 
nealed at 8oo°C. for one hour. The grains in this 
particular sample vary in size by a ratio of 
about 3:1. 

From a commercial standpoint the average 
grain size-temperature curves given in Figs, i 
and 4 may suffice, but they are of little value 
in studies of the effect of grain size on some 
property, such as creep, where a uniform grain 
size is necessary to properly evaluate the 
effect. 

The discontinuous grain growth seems to be 



TEMPERATURE — ^ 

Fig. 22. — ScHEBiATic representation of niscoNTiNUOUS GRAIN GROWTH OF COPPER. {After 

Parker and Riisness.) 


definite temperature of anneal the grains are 
uniform in size. His results on 70-30 brass 
agree with those by Webster, Christie and 
Pratt on various coppers.^* Parker and Riis- 
ness, on the other hand, have stated that 
the grain growth of commercial oxygen-free 
copper is discontinuous, as shown in Fig. 22. 
The grain size at low or high annealing tem- 


* Research Laboratory, General Electric 
Company. 

W. R. Webster, J. L. Christie and R. S. 
Pratt: Trans. A.I.M.E. (1933) Z04, 166. 

E. R. Parker and C. P. Riisness: This 
volume, p. 1 1 7. 


related to inclusions, nonuniform plastic 
deformation, and preferred orientation of the 
grains. Whatever the factors responsible 
for mixed grains, it appears that they cannot 
alwa3rs be avoided, and therefore it might be 
worth while to indicate on the grain-growth 
curves the range of grain size as well as the 
average grain diameter for temperatures in the 
mixed grains zone. 

R. S. French (author’s reply). — The diffi- 
culties encountered by E. R. Parker and 
C. F. Riisness, discussed here by Mr. Martin, 
are familiar ones to manufacturers of non- 
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ferrous metal that supply material in the soft 
condition for cold-working operations, that 
degree of softness usually being specified by 
grain-size limits. The grain growth of certain 


of these alloys can be controlled by changes in 
prior annealing temperatures and reductions, 
so that this region will not interfere with 
specification requirements. 
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Fig. 23.— Drawn 70-30 brass rod (0.750-iN dia.) after annealing at 8oo®C. for one hour. 


metals and alloys, such as copper, silicon 
bronzes, aluminum brasses and others is apt 
to be of the discontinuous type. 

One of the most important factors that 
promote this condition is the small amount of 
foreign elements, purposely added or otherwise 
present. The author referred to two papers on 
this subject in the text. In many instances it is 
found that the region of varied grain growth 


Of no such unusual interest, however, were 
the grain-size values recorded as shown in 
Figs. I and 4 for these particular samples of 
cartridge brass. The degree of uniformity at 
each annealing temperature was consistent 
with the uniformity of the standards by 
which they were determined, similar to those 
shown in plate 3, part i of the 1942 A.S.T.M. 
Standards. 



Stress-corrosion Cracking of 70-30 Brass by Amines 

By H. Rosenthai.* akd A. L. Jamieson,! Junior Members A.I.M.E. 

(New York Meeting, February 1944) 


The action of mercury on stressed brass 
to produce cracks was known before Moore, 
Beckinsale and Mallinson' showed that 
actual season cracking did not occur 
spontaneously but could be induced by 
ammonia. These investigators studied 
other substances, including diphenylamine, 
without finding that anything other than 
ammonia could cause season cracking 
Grimston® reported season cracking in 
cartridge cases stored in wooden boxes 
wetted with dilute sulphuric acid pickling 
solution. Season cracking associated with 
sulphur dioxide, water vapor and air has 
been reported by Johnston,® although he 
reported that trimethylamine and pyridine 
did not cause cracking, Jevons^ has 
ascribed season cracking of brass in certain 
instances to trimethylamine, aldehyde 
amine,” “ketone amine” and pyridine, 
but no experimental work was done evi- 
dently to prove this definitely. Pyridine 
was investigated by Morris,® who found 
it to have considerable cracking power. 

In the present investigation, the object 
was a qualitative evaluation of a number 
of representative amines with respect to 
their ability to cause season cracking. 
Thus it was desired only that an appreci- 
able vapor pressure of each amine be 
obtained in order to make the test as 
severe as possible, without attempting to 
test equivalent concentrations for com- 
parative purposes. 


Manuscript received at the office of the 
Institute Nov. i, 1943. Issued as T.P. 1660 in 
Metals Technology, February 1944. 

* Associate Metallurgist, Oronance Labora- 
tory, Prankford Arsenal, Philadelphia, Pa. 

t Metallurgist, Frankford Arsenal. 

* References are at the end of the paper. 


Methods 

Specimens 

Two types of specimen were used: 

1. Unannealed 70-30 brass cups formed 
from 0.040-in. thick sheet. Height of cup 
was xH in. and diameter was inches. 

2. First draw pieces of caliber .50 
cartridge cases in the unannealed condition 
(70-30 brass). 

The cups were representative of a thin 
wall and thin base specimen, whereas the 
draw pieces have a thick base ( in.) and 
a thick wall (approximately H2 in-)* 

Both types of specimens contained high 
residual stress and cracked in less than 
one minute in a solution of 1 per cent 
mercurous nitrate and i per cent nitric 
acid provided that this was preceded by a 
30-sec. pickle in 40 per cent nitric add. 

Specimens were prepared as follows: 
(i) degreased in trichlorethylene, (2) 
rinsed in HaO, (3) pickled 5 min. in 10 per 
cent by volume HaSOi (1.84 sp. gr.), (4) 
rinsed in HaO, and (5) dried. 

Amines Tested 

In selecting the amines, representatives 
of the three series of amines and one series 
of substituted amines were chosen. The 
aliphatic series was represented by the 
methyl and ethyl primary, secondary 
and tertiary amines. These are the simplest 
aliphatic amines. 

For the aromatic series, the phenyl 
primary, secondary and tertiary amines 
were sdected as being the simplest. 

The heterocydic series was represented 
by pyridine, which is a simple heterocydic 
base (tertiary amine). 
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The ethanol primary, secondary and 
tertiary amines were included as repre- 
sentatives of substituted aliphatic amines. 

Test Conditions 

Previous investigators'*-® have found that 
stress-corrosion of brass by ammonia is 
facilitated by the presence of air and 
water vapor. It was not known whether 
air and water vapor are necessary to cause 
corrosion cracking with amines but, since 
an analogous effect might well exist, it 
was decided to test each amine in the 
system: amine vapor, air, water vapor. 

The specimens for each test, consisting 
of three cups and three draw pieces, were 
supported in the upper part of a Mason 
jar. Small tripod-shaped racks were con- 
structed from copper wire and on these 
the draw pieces were supported above the 
bottom of the jar. The cups were suspended 
by a cord from the top of the jar where 
the end of the cord was fastened to a brass 
plate, which was retained on the neck of 
the jar just beneath the lid. This arrange- 
ment is illustrated in Fig. i. 

The draw pieces were not insulated from 
each other, since the three were hung on a 
common metallic rack. The cups, on the 
other hand, did not touch each other and 
were insulated from one another by the 
nonconducting cord. 

Three 50-ml. P3nrex beakers were placed 
in the bottom of each jar to hold the 
reagents. 

Water vapor was supplied to the 
atmosphere from the water placed in the 
beakers. The method of adding water 
varied according to the particular amine. 
The gaseous amines were obtained in a 
33 per cent aqueous solution and thus 
required no addition of water. The water- 
soluble liquid amines were diluted with 
equal volumes of water, and the water- 
insoluble amines were tested by keeping 
two of the beakers filled with water while 
the other contained the amine bdng 
investigated. 


It was desired that an appreciable 
vapor pressure of each amine be obtained 
to make the exposures severe. This, 
unfortunately, was impossible at room 



Fig. I.— Arrangement oe specimens ht 
Mason jar eor amine exposure test. 

temperature because some of the amines 
have low vapor pressures at this tempera- 
ture. To avoid this difficulty, two test 
temperatures were used, ioo®F and 2oo®F. 

A summary of the test conditions used 
for each amine is shown in Table 1. 

During the test period, each jar was 
sealed by a glass lid clamped against a 
rubber gasket Test temperatures were 
maintained by electrically heated, forced- 
circulation cabinets, which were thermo- 
statically controlled to a variation of 
less than ±2®F. 

All the amines were obtained from the 
Eastman Kodak Co. except the ethanol- 
amine, diethanolamine and triethanol- 
amine, which were furnished by the Carbide 



STRESS-CORROSION CRACKING OF 70-30 BRASS BY AMINES 


214 


and Carbon Chemical Corporation. The 
diethanolamine was reported to contain 
not more than 2 per cent each of ethanol- 
amine and triethanolamine and not less 


Examinatim of Specimens 

Specimens were examined before ex- 
posure and daily for the first 17 days of 


Table i . — Test Conditions 


Amine 

Test Tem- 
perature, 
Deg. P. 

Source of Wat^ Vapor 
with Amine 

Quantity of 
Reagent Used 

Methylaxnine (gas) ... 

100 

33 per cent aqueous solution 

7 S ml. 

Dimethylamine (gas I ... 

100 

33 per cent aqueous solution 

75 ml. 

Tnmethylamine (gasi . 

100 

33 per cent aqueous solution 

75 ml. 

Bthylamme (liquid 1 .... 

100 

50 per cent aqueous solution 

75 ml. 

Diethylamine (liquid) . . 

100 

50 per cent aqueous solution 
Water in beaker 

75 ml. 

Triethylamine (liquid) .... 

100 

50 ml. triethylamine and 
2S ml. water 

Aniline (Phenylamine) (liquid) ... 

200 

Water in beaker 

50 ml. amline and 25 ml. 
water 

Diphenylamine (solid) 

200 

Water in beaker 

10 grams diphenylamine 
and 25 ml. water 

Triphenylamine (solid) 

200 

Water in beaker 

10 grams triphenylamine 
and 2S ml. water 

Pyndine (liquid) . 

100 

50 per cent aqueous solution 

75 ml. 

Ethanolamine (liquid) 

Diethanolamine Oiquid) . . . 

200 

SO per cent aqueous solution 

75 ml. 

200 

SO per cent aqueous solution 

75 ml. 

Triethanolamine (liquid) 

200 

SO per cent aqueous solution 

75 ml. 


Table 2 . — Results of Amine Exposure 



Number of 

Number of Spec- 

Number of Days 


Reagent 

Specimens 

imens Cracked 

before Crackihg 

Color of Corrosion 







Film on Specimens 

a 

b 

a 

h 

a 

h 



Methylamine 

3 

3 


3 

4 

4 

Light brown 

Methylamine (retest) . 

3 

3 


3 

I 

I 

Light brown 

Light brown 

Dimethylamine 

Trimethylamine 

3 

3 

3 

3 


I 

3 

4S‘ 

45* 

45* 

Bthylamine 

3 

3 


3 

3 

3 

Spotty dark purple 

Ethylamine (retest) 

3 

3 


3 

2 

3 

Diethylamine 

Triethylamine 

Aniline (Phenylamine) 

3 

3 

3 

3 

3 

3 


0 

0 

I 

r 

r 

r 

r 

12 

Spotty brown 
Unchanged 



3 

I 

45* 

45* 

Dark brown 

Diphenylamine 

3 

3 


r 

I 

Light brown 





I 

r 

17 


Diphenylamine (retest) 

3 

3 


0 

fl 

• 


Td^henylamine 

Pyndine 

3 

3 

3 

3 


I 

0 

r 

• 

45* 

• 

Purplish red 

Dark brown 

Ethanolamine 

3 

3 


3 

4 

4 

Dark brown 

Ethanolamine (retest) 

3 

3 


2 


3 


Diethanolamine 




X 

4 

4 


3 

3 


I 


8 

10 

IX 

Light brown 





I 

r 


Triethanolamine 

3 

3 


I 


I 

Purplish red 





I 

45* 

17 



o 70-30 brass unannealed, caliber .50 first draw pieces. 
® 70-30 brass unannealed cups. 

*■ Test discontinued after 45 days exposure. 

■ Test discontinued after 33 days exposure. 

< Pound after pickling. 


than 95 per cent diethanolamine. The tri- 
ethanolamine was reported to contain not 
more than 2.5 per cent ethanolamine, not 
more than 15 per cent diethanolamine and 
not less than 80 per cent triethanolamine. 


exposure and every third day thereafter 
until the exposures were discontinued at 
the end of 45 days. Specimens were with- 
drawn from the test after cracks had been 
detected. 









Aniline (Phenylamine) Ethanolamine Triethanolamine 

45 4 Days 45 Days 

Fig. 3.-— Stress corrosion of brass, caliber .50, first draw pieces (unannealed) by amine vapor, air, and water vapor. Specimens 

CRUSHED TO EXPOSE CRACKS. 
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Since the cracks in the cups usually 
opened wide, they were easily detected 
by visual examination. The draw pieces 
did not crack open to any appreciable 
extent, therefore a binocular microscope 
at a magnification of 20 diameters was 
used. 

At the end of the entire exposure period, 


surface of the specimens became very 
dark. 

Results and Discussion 
Crackmg Data 

A summary of the cracking results of 
the exposure tests is presented in Table 2. 




Fig. 4. — Surface corrosion caused by thirty-minute exposure over concentrated NH4OH 

SOLUTION. 

Aj unannealed cup; B, unannealed caliber .50 first draw piece. Specimens shown natural size 

and surface at X 20. 


all remaining specimens were pickled to 
remove the corrosion products and ex- 
amined at a magnification of 20 diameters. 
After being pickled in 10 per cent by 
volume H2SO4 (1.84 sp. gr.), several 
specimens were found to be cracked, 
although previous examinations had not 
disclosed small cracks assumed to have 
been hidden by the corrosion products. 

The color of the corrosion products 
was noted at the end of the first day of 
exposure. As the corrosion proceeded, the 


Of the 13 amines tested, only three — 
diethylamine, triethylamine and p3ncidine — 
did not cause cracking. However, it is 
possible that higher concentrations of the 
amine vapor acting for an equal or greater 
length of time might have caused craddng. 
No cracking occurred among blank speci- 
mens in jars not containing amines. 

No single series of amines appears to 
be harmless, since primary, secondary and 
tertiary amines have been shown to cause 
cracking. 
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NH4OH + HjOa. 

5. Methylamine, 4 days. 

6. Ethylamine, 3 days. 

7. Tr^ethylanune, 45 days. 

Oiiginal magnification 150; reduced in reproduction. 
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Figs. 8-10. — Transverse sections through base op caliber .50 pirst draw pieces. Etchant: 

NH4OH 4 - H* 0 #. 

8. Aniline, 45 days. 

9. Ethanolamine, 4 days, 
zo. Triethanolamine, 3 days. 

Original magnification 150; reduc^ ^ in reproduction. 
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On the basis of the available data, it is 
apparent that the primary amines are 
more active cracking agents than the 
secondary or tertiary amines in the 
methyl, ethyl, phenyl and ethanol series 
at the test temperatures used, 

Macrostructure of the Cracks 

The specimens were crushed so that 
the cracks became easily visible. Fig. 2 
shows various cups and Fig. 3 shows 
various draw pieces that were exposed and 
afterward crushed. 

The cup corroded by ethylamine shown 
in Fig. 2 is the most severely cracked and 
exhibits a type of surface deterioration 
similar to that obtained by ammoniacal 
atmospheres. This type of surface cracking 
is shown in Fig. 4, which illustrates a cup 
and draw^ piece exposed over a concen- 
trated NH4OH solution for hr. and 
afterward crushed. Large cracks have not 
developed, although the surface has a net- 
work of superficial cracks resembling fish 
scales; a specimen exposed to ammonia 
for a longer period of time develops larger 
cracks, similar to those in the ethylamine- 
corroded cup of Fig. 2. 

Microstructure 

The paths of all cracks examined were 
usually interaystalline. Figs. 5 to 10 are 
photomicrographs showing cracks in draw 
pieces exposed to methylamine, ethyl- 
amine, triethylamine, aniline, ethanol- 
amine and triethanolamine. 

The plane of the microsection shown is a 
transverse plane cutting the intersection 
between the bottom and sidewall. The 
cracks are radial. A few branches of the 
main cracks go in other directions. 

Conclusions 

1. In the presence of moist air, a;mines 
can cause season cracking of stressed brass. 

2. Under the conditions of these tests 
the primary amines are more active in 


causing cracking than the secondary or 
tertiary amines. 
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DISCUSSION 
(D. R. HuU presiding 

A. Morris,* Bridgeport, Conn. — ^I am 
not in any sense a student of organic chemistry, 
but I have been told that the amines are 
nitrogenous compounds that are capable of 
breaking down and producing small amounts, 
but appreciable ones, of ammonia; and inas- 
much as ammonia is the only other source of 
cracking of this type that we know about, 
I have always had the suspicion that when 
amines cause cracks of this nature the real 
active agent may be ammonia still, rather 
than the amine itself. 

I would like to know if the authors have made 
any tests to see whether small amounts of 
ammonia might have been present in those 
tests. 


♦Director of Research, Bridgeport Brass 
Co. 
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H. Rosenthal (author’s reply). — I have 
no information about the decomposition of 
amines into ammonia during the test itself. 
However, some tests were made to determine 
whether any ammonia was originally present 
in the amines. It is very difficult to analyze 
for ammonia in the presence of amines because 
a test for ammonia generally turns out to be a 
test for amines as well. 

The Francois test was found to be the best 
suited for the purpose, although even with 
this test only four of the amines could be 


tested and the remainder of the amines yielded 
inconclusive results because of interference. 
The tests indicated that the ammonia content 
did not exceed 0.02 per cent in aniline, di- 
phenylamine, triphenylamine and monethanol- 
amine. Cracking was found with these four 
amines in the main tests. Experience has 
shown that ammonia contamination in the 
atmosphere from impurities in the order of 
0.02 per cent will not produce the crack- 
ing observed in the testing of these four 
amines. 



Physical Properties of a 65-Cu, lO-Mn, 25-Zn Alloy 

By X R- Long* and T. R. Graham,* Member A.I.M.E. 

(New York Meeting, February 1944 ) 


This report is concerned with part of a 
series of investigations carried on by the 
Federal Bureau of Mines on alloys, 
particularly nonferrous alloys, made with 
electrolytic manganese. A broad general 
program instituted after commercial quan- 
tities of electrolytic manganese became 
available was necessary in order to compare 
the effects of electrolytic manganese 
with those of the ordinary commercial 
grades. Representative analyses of these 
t\Po materials show the commercial man- 
ganese metal to contain up to 2 per cent 
iron, a maximum of i per cent silicon and 
0.06 per cent carbon, vrhile the electrolytic 
manganese rarely exceeds o.oi iron, 0.02 
sulphur, with no silicon or aluminum. 

In the literature, the emphasis has 
been largely on high-strength casting 
alloys containing up to 5 per cent man- 
ganese, and few data are available on 
wrought manganese alloys. These factors, 
coupled with the strategic position of 
copper and zinc, have given impetus to 
the Bureau’s War Research Program for 
the development of alloys containing 
nonstrategic manganese for the purpose 
of supplementing or providing alternates 
for the more strategic metals. The alloy 
reported here was studied, along with 
several other ferrous and nonferrous 


Published by permission of the Director, 
Bureau of Mines, U. 8. Department of the 
Interior. Manuscript received at the office of 
the Institute Dec. i, 1943. Issued as T.P. 1705 
in Metals Technology. June 1944. 

* Senior Metallurgists, Bureau of Mines, 
Intennountain Experiment Station. Salt Lake 
City, Utah. 


alloys, as possible cartridge-case material, 
and was chosen after a review of the proper- 
ties of the ternary alloys of copper- 
manganese-zinc. 

Preliminary Work 

In a cursory survey of this system, 
alloys ranging from 60 to 95 per cent 
copper, o to 50 per cent manganese, and 
5 to 40 per cent zinc were investigated. 
The alloys containing 60 per cent copper 
were found to fall into the two-phase 
alpha plus beta region of the S5rstem, and 
since those containing 70 per cent would 
not permit a saving, only alloys containing 
6$ per cent copper were considered. The 
tensile properties of these 65 per cent 
allo3^ are plotted in Fig. i as a function of 
manganese content for annealed material 
and for four conditions of cold-work 
In the annealed condition the increases 
in strength and decreases in elongation 
are minor up to 15 per cent manganese; 
beyond this, the changes become more 
significant. In the cold-worked condition, 
the first 5 to 10 per cent of manganese 
appears to have the greatest strengthening 
effect, the rate of increase dropping off 
as the manganese increases beyond this 
amount. These effects are more pronounced 
with moderate than with severe cold 
reduction. It is also interesting to note 
that while the elongation of annealed 
material drops regularly with increasing 
manganese, the elongation in the cold- 
worked state is relatively little affected 
by increasing manganese content, particu- 
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larly beyond 20 per cent reduction by Fig. 2. These curves emphasize the dose 
cold-rolling, similarity of the properties of the man- 

The 65 per cent copper, 10 per cent ganese alloy to those of the brass upon cold- 

manganese, 25 per cent zinc alloy was working and show that it is somewhat 



xNaoaiM 





H 


6 


& 


selected from these data because it con- 
tained the minimum amount of copper 
and zinc consistent with the possession of 
properties not too different from those of 
70-30 brass. The properties of this alloy 
are compared with those of the brass in 


stronger, a trifle harder, and has excellent 
ductility. The tensile and yield strengths 
do not exceed those of the brass by more 
than s to 8000 lb. per sq. in. in any condi- 
tion; hardness is at most 5 points Rockwell 
B higher, and the percentage of elongation, 
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while 10 per cent less in the annealed gravity 4 to 5 per cent lower than that 
condition, closely approaches that of the of a cartridge brass, permitting a saving 
brass upon cold-working. of copper and zinc over and above that 

The relatively small divergence of obtained by simple weight substitution. 



ttMOMVH ■ TOMKlbMxXlllOHM-OOOl X 'Ml Of MU fTI 


properties made it reasonable to expect Preliminary work was restricted to 
that this alloy could be handled in much comparison of the properties of 70-30 

the same manner as 70-30 brass and could brass with those of the electrolytic man- 

be utilized for cartridge cases and similar ganese alloy in rod form. Subsequent 

articles that demand good forming and work was conducted to establish the 

deep-drawing characteristics, and thereby properties of the manganese alloy when 

ease their requirements for badly needed made with ordinary commercial metal 

copper and zinc. The alloy has a spedric as well as with the electrol}rtic manganese, 
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and to compare these with the properties 
of cartridge brass fabricated into sheet 
under identical conditions. Data were 
obtained on melting practice required to 
produce the alloy; hot-working and cold- 
working characteristics; variation of physi- 
cal properties with cold-working and 
subsequent annealing; the effect of small 
variations in composition; microstructure 
and grain sizes; resistance to salt-spray 
corrosion; susceptibility to season cracking, 
and the effect of lead and antimony 
additions on hot-rolling characteristics. 

Preparation and Fabrication 

The alloys were made from high-grade 
wirebar copper, electrolytic zinc, and two 
grades of manganese; that is, high-purity 
electrolytic cathode chips and ordinary 
commercial metal. While the melting 
and alloying were mostly carried out in 
high-frequency induction furnaces with 
magnesia or graphite crucibles, no difScul- 
ties have been encountered in making the 


Table i, — Chemical Analysis 
Per Cent 


Alloy 

Cn 

Zn 

Mn 

Fe 

Si 

A 1 

I. 

Cartridge brass . . 

68 25 

31.70 

Nil 

NU 

Nil 

El 

2 . 

Electrolytic Mn,. 

65 00 

24.90 

10 05 

Nil 

Nil 


3. 


iim 




Nil 

Nil 


alloy in day-graphite crudbles in a gas- 
fired furnace. The recommended melting 
procedure consists of first preparing a 
manganese-zinc hardener of the desired 
ratio (in this case 10-25) and adding the 
hardener to molten copper. Use of the 
hardener is a material aid in obtaining 
specific alloy compositions, and it is 
easily prepared by melting zinc under a 
sodium borate cover and gradually washing 
the manganese cathode chips into solution, 
using a copper-manganese stirring rod to 
push the manganese under the surface 
of the bath. Electrolytic manganese will 
dissolve in zinc with no serious difl&culty 
up to 35 per cent, and the only precaution 




Figs. 3-5.— Representative grain size oe 

ALLOYS PRIOR TO REDUCTION BY COLD-ROLLING. 


/s. 75- 

Fig. 3. Cartridge brass. 

Fig. 4. Blectromanganese alloy. 

Fig. 5. Ordinary manganese alloy. 

necessary is to keep the temperature 
below the flare point of the zinc. Ordinary 
manganese was more difficult to dissolve, 
and a considerably longer time was 
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required. These alloys have been made All alloys were chill-cast into i}i by 
satisfactorily also by direct alloying and 3 by 19-in. slabs, which subsequently were 
by using a copper-manganese hardener, machined to remove incidental surface 
However, the manganese-zinc hardener imperfections. These slabs were hot- 



WHeCNT eOLD WORKtO 



has the advantage of simplicity in prepara- 
tion and good control of chemical com- 
position, and requires only the single 
addition to molten copper to produce the 
alloy. These factors would be of particular 
importance in commercial preparation 
of the alloy. The chemical anal3rses of the 
alloys are reported in Table i. 


rolled and cold-rolled and annealed by 
schedules calculated to produce sheet 
hmshed to }^e-in. thickness by various 
amounts of cold reduction. A hot-rolling 
temperature of i3oo®F. (7oo®C.), found 
to be satisfactory in preliminary work, 
wks used. The alloys hot-rolled quite 
welL 
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An annealing time of 30 min. at 102 2°F. electromanganese alloy, these differences 
(S5o°C.) was used after tests on 60 per cent are not great. The ordinary manganese 
cold-reduced sheet showed that these alloy has a much finer grain size, which 
conditions would not produce excessively persisted in all alloys made with ordinary 




rCMOIMT COLO WORICCD 

Flo. 7. — ^PtlOPERTIES OP ALLOYS I, 2 AND 3 VS. COLD-WORK. 


large grains in either the brass or the 
electrolytic manganese alloy. Representa- 
tive annealed grain size of each of the three 
allo3rs prior to finish rolling are given in 
Figs. 3, 4 and 5. The photomicrographs 
show that while there are some differences 
between the grain size of the brass and the 


manganese even when annealed at con- 
siderably higher temperatures. 

Eject of Cold-rolling 

The effects of plastic deformation by 
cold-rolling on the physical properties of 
the alloys are given in Table 2 and plotted 
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in Figs. 6 and 7 as a function of per- 
centage of cold reduction. The work- 
hardening rates of the individual alloys 
from the standpoint of the tensile and 
yield-strength curves are strikingly parallel. 
It is to be noted in this comparison that 
each of the alloys 1,2, and 3 has a different 
“as-annealed grain size,” and that un- 
doubtedly this accounts for at least part 
of the differences noted. The alloy made 
with ordinary manganese is definitely the 
hardest and has the highest tensile strength 
and lowest percentage of elongation, while 
the brass is softest and has the least 
strength and the highest elongation. The 
alloy made wdth electrolytic manganese 
is midway betw’een the other two in all 
of its properties. 

Table 2. — Variation in Physical Properties 
with Cold-work 

A\’erage or Three Specimens 


brass. The higher strength and lower 
elongation of the ordinary manganese alloy 
might be expected to introduce variation in 
procedure and results when fabricated by 
brass techniques. This was noticeable in the 
cold-rolling of the alloys, in that additional 
care was required to produce good sheet in 
the ordinary manganese alloy. It also 
offered more resistance to the reduction; 
that is, using the same roll setting and 
starting with the same initial thickness of 
metal, the brass and the electrolytic man- 
ganese alloy roUed to within half a thou- 
sandth of the same thickness while the 
ordinary manganese alloy was four thou- 
sandths thicker at a finished size of 80 
thousandths of an inch. 

Effect of Annealing Temperature 

The variations of properties of the alloys 
with annealing temperature are given in 


Alloy 

No. 

Reduc- 
tion in 
Thick- 
ness by 
Cold- 
rolhng. 
Per i 
Cent 

Ultixnate 
Strength, 
Lb. per 
Sq, In. 

Yield 
Strength, 
Lb. per 
Sq. In, 

Hard- 
ness 
Rock- 
well B 

Elonga- 

tion, 

Per 

Cent 

I 

0 

46,000 

13,200 

33 

6S 


30 

57,200 

46,500 

61 

29 


40 

77,000 

72,300 

86 

7.3 


60 

91.000 

83.000 

92 

6.4 


80 

100,500 

97.000 

97 

3.9 


90 

106,200 

96,000 

98 

3 2 

2 

0 

55.000 

30,300 

45 

43 5 


30 

68,300 

59.000 

81 

13.0 


40 

85.500 

81,500 

90 

4 6 


60 

99.500 

93,000 

95 

3.5 


80 

107.500 

98.000 

99 

3 I 


90 

z 14.600 

107,300 

101 

3 5 

3 

0 

68,100 

39.700 

70 

33 


30 

69,200 

75.500 

87 

7 


40 

97.500 

94.500 

95 

3 7 


60 

110,000 

104,500 

98 

3 


80 

113.600 

10S.300 

100 

2 4 


90 

1X9,000 

1x6,000 

103 

2.8 


The lower hardness and greater elonga- 
tion of the electrolytic as compared with the 
ordinary manganese aUoy makes it more 
desirable for purposes requiring high ductil- 
ity for deep drawing. In addition, the 
closer approach of the tensile and yield 
strengths (8 to 10,000 per sq. in. higher) to 
those of the brass should make it easier to 
use this material interchangeably with 


Table 3. — Varialion of Physical Properties 
with Annealing Temperatures 
Average or Three Specimens 


Alloy 

Anneal 
Temper- 
ature, 
Deg. C. 

Ultimate 
Strength, 
Lb. per 
Sq. In. 

Yield 
Streng^th, 
Lb. per 
Sq. In. 

Hard- 

ness, 

Rock- 

weUB 

Elonga- 

tion, 

Per 

Cent 

1 

As rolled 

91.000 

83.000 

93 

6.4 


350 

95.000 

87.500 

95 

6.0 


350 

56,600 

38,300 

55 

50 0 


450 

49,500 

18,000 

36 

60.0 


550 

46,000 

12, 300 


63.0 


650 

43.000 

9.000 

53P 

75.0 


750 , 

39.800 

6,600 

44P 

70.5 

3 

As rolled 

96,500 

91.000 


3.6 


250 

97.100 

90,500 

96 

4.2 


350 

69.500 

47,700 

78 

37.0 


450 

58,700 

27.400 

55 

39-3 


550 

55.000 

30,600 

47 

44.0 


650 

46,500 

14.500 


47.5 


750 , 

45.600 

13,900 

60P 

Si.O 

3 

As rolled 

104,000 

96,000 

98 

3.0 


350 

105,500 

99.300 

100 

3.1 


350 

98,000 

89.500 


5.8 


450 

70,100 

49,000 

78 

38.7 


550 

68,100 

39,700 

70 

32.0 


650 

55.200 

17,800 

42 

36.3 


750 

49.800 

13,100 

31 

40.0 


Table 3 and Figs. 8 to 10. For this part of 
the work, test specimens of He-in. sheet 
in the 60 per cent cold-reduced state were 
annealed for 30 min, at the indicated tem- 
perature and quenched in water. Through 
an oversight, none of the alloys was an- 
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nealed at 3oo®C., which would correspond and in the neighborhood of 25o®C. for the 
to the middle of the recrystallization range brass. This is also reflected in the curves 
for brass and the beginning of recrystalliza- showing hardness and elongation plotted 
tion for the electrolytic manganese alloy, against temperature. Although the elonga- 



Fig, 8. — ^Properties op alloys r, 2 and 3 vs. annealing teicperatxjres. 


The curves for the tensile and yield strength tion of the electrolytic manganese alloy in 
therefore are only approximate in this the sheet form is below that of the brass, it 
range, since they have been placed by is at least 10 per cent above that of the 
rough approximation based on the hardness ordinary manganese alloy for all annealing 
values given in Fig. 10. temperatures. 

It is evident from these data that the The effect of annealing temperature on 
ordinary manganese alloy has the highest grain size is shown in Fig. 9, where it is 
recryEtallization temperature and that the evident that the grain size of the brass is the 
reciystallization continues over a fairly greatest of the three alloys and that the 
wide lange. Recrystallization begins at ordinary manganese alloy has the smallest 
3oo®C. for the electrolytic manganese alloy grain size at all temperatures. Roughly, the 
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electrolytic alloy has a little more than to 16, inclusive. The beginning of recrystal- 
half the grain size of the brass for all tern- lization is evident at 300® C. (Fig. ii), and 
peratures up to 7oo®C. At 8oo®C. the complete at 420®C. (Fig. 12). The increase 
electrolytic alloy shows a decrease in grain of grain size with temperature is illustrated 




size due to the formation of 10 to 15 per 
cent beta solid solution. The smaller grain 
size of the ordinary manganese alloy is 
due undoubtedly to its iron content, and is 
partly responsible for the greater hardness 
and strength and lower elongation exhibited 
in these results. 

The grain sizes obtained on the electro- 
lytic manganese alloy are shown in Figs, ii 


by Figs. 12 to 15; Fig. 16 shows the beta 
constituent found at 8oo®C. in this alloy. 

Effect of Variation m Composition 

To determine the effect of small changes 
in chemical composition, a series of six 
alloys was made, varying about 2.5 per cent 
from the nominal 65 per cent copper, 10 per 
cent manganese, and 25 per cent zinc. 
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Microstructures and grain size were also ature limits of the alpha solution area as 
studied for annealing temperatures from affected by composition. The recrystalliza- 
250® to 8oo®C., to note the recrystallization tion temperatures, grain size, and amount 



temperatures and also the temperature at 
which the beta phase was introduced. 

While temperatures employed in fabrica- 
tion were low enough to keep the basic alloy 
single phase, annealing-temperature studies 
indicated that the alpha plus beta field 
shifts toward the copper-manganese base 
line with increasing temperature. It was 
desirable therefore to determine the temper- 


of the beta constituent found are presented 
in Table 4, and the shift of the alpha bound- 
ary is graphically represented in Fig. 17. 
In this graph the alpha plus beta boundary 
for copper-zinc alloys was taken from 
published data’ and extended to conform 
with the data in Table 4. 


* References are at the end of the paper. 
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FIgs. ii-i6. — ^Microstructxtres op 6o per cent cold-worked electrolytic manganese 

ALLOY HEATED AT INDICATED TEMPERATURES POR 30 MINUTES. X ISO. 

Fig. II. Annealed at 3oo°C. Fig. 14. Annealed at 550® C. 

Fig. 12. Annealed at 42o°C. Fig. 15. Annealed at 700® C. 

Fig. 13. Annealed at sio®C, Fig. 16. Annealed at 8oo®C 
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For alloys with less than 64 per cent versely, if the copper content is maintained 

copper the beta constituent will be present at 64 per cent and over, and the working 



% MAIMANESE 

Fig. 17. — ^Isotherms showing boundary of beta-phase separation. 


Table 4. — Structures end Grain Size Obtained by Heating to Indicated Temperatures 
Specimens op 60 Per Cent Coid-reduced Sheet, Held at Temperature por 30 Minutes 


Alloy® 

2SO®C. 

300®c. 

3 SO®C. 

400®C. 

4S0®C. 

SOo®C. 


6oo®C. 


700 ®C. 

7 S 0 ®C. 

8oo®C. 

8 

cw» 

cw 


Rz 

SB* 

sB 

SB 

loB 

20B 

asB 

50B 

90B 


cw 

cw 

cw 

Rz 

0.010 

0.0x5 

0.025 

0.030 

0.025 

0.015 

0.015 

5 

0,010 

0.015 

0.03s 

0.065 

SB 

aoB 

50B 

50B 

9 

cw 

cw 

CW 

Rz 

Rz 

0.015 

0.030 

0.04s 

0.0^ 

0 . 03 S 

loB 

0.030 

asB 

0 03s 
30B 

4 

cw 

cw 

cw 

Rz 

0 010 

0.015 

0.035 

0.065 

0.035 

0 .I 3 S 

0.025 

0.150 

0.025 

sB 

0 . 03 S 

loB 

a 

cw 

cw 

Rz 


0.010 

0.025 

0.04s 

0.065 

0.075 

0 120 

0 . 07 S 

0 . 04 S 

loB 

7 

cw 

cw 

cw 


Rz 

0.015 

0.035 

0.065 

0.090 

0.120 

0.150 

0.065 

iB 

6 

cw 

cw 

cw 


<0.010 

0.015 

0.035 

0.065 

0.120 

0.150 

0.200 

0.120 

>0.200 


« ^03r numbers correspond to comi>ositiozu mven in Table 5.^ 

. indicates cold-worked structure; Rz indicates recrystaJJlization begun and not yet complete. Average 
gram diamet^ in millimeters. 

« B with its preceding figure indicates percentage of beta estimated to be present. 

at temperatures above 7oo®C., and at and annealing temperature kept below 
8oo®C. all allo3^ containing less than 66.5 7oo®C., the alloys wiU show only the single- 
per cent copper will contain beta. Con- phase alpha solid solution. The formation 
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Table 5. — Effect of Variation in Chemical Composition on Physical Properties of 

o.o62^~inch Sheet 
A\’erage of Three SpEaMENS 


60 Per Cent Cold-worked 


Alloy 

\o. 

I 

Cu 

’er Cent 

Mn 

Zn 

Tensile 
Strength. 
Lb. per 
Sq. In. 


Hard- 
ness, 
Rock- 
well B 

Elonga- 

tion, 

Per 

Cent 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Yield 
Strength, 
Lb. per 
Sq. In. 

Hard- 

ness, 

Rock- 

weUB 

Elonga- 

tion, 

Per 

Cent 

4 

64.0 

13 . S 

Bal. 

zoi.ooo 

94,000 

96 

3 0 

63,000 

26.500 


41.5 

2 

65 

10.05 

Bal. 

96,500 

91,000 

95 

3.5 

55.000 

20,600 


44 

5 

63 45 

8. zo 

Bal. 

zoz.ooo 

88,000 

96 

4.1 

58,000 

34.000 


49 

6 

67.0 

zo.oo 

Bal. 

99,500 

97,000 

95 

3.5 

61,000 

28,000 


39.5 

7 

65.95 

8. zo 

Bal. 

103,000 

93.000 

95 

3.9 

58,000 

24.500 


46 

8 

6z.i 

10 45 

B^. 

1X0,000 

96.000 

97 

3.7 

64,000 

29,000 


41 

9 

61.7 

13. zo 

Bal. 

105,000 

98,000 

97 

3.7 

64,000 

29,500 


40 


Annealed® at I 032 ®F. 


® 60 per cent cold-worked sheet, annealed 30 min. at loaa®?. (550®C.). 


of small amounts of this beta phase does 
not, however, greatly affect the properties, 
as can be seen in Table 5. Prior to the 
cold-working and upon annealing, all 
alloys w-ere heated to 5So®C., and alloy 
No. 8 contained about 5 per cent beta 
at this temperature without showing any 
great difference in either the cold-worked 
or annealed properties. Furthermore, as 
will be seen later, the formation of the 
beta phase may be of some assistance in 
the hot-working of the alloys. 

Differences in grain sizes for these 
alloys treated at the same temperatures 
are not excessive for temperatures under 
6oo®C.; at 650® and 7oo®C. some irregulari- 
ties are apparent, and it is to be noted that 
the grain size is small in all cases where the 
beta constituent is present but not 
predominant. 

Tensile properties obtained on these 
allo3^ with varying compositions are 
given in Table 5 for the 60 per cent cold- 
worked and for annealed material. In 
general, the properties vary slightly and, 
as might be expected, the low-copper 
allo3rs are the strongest while the high- 
copper allo3rs have the lower strengths. 
The hardness and elongation of the cold- 
worked alloys are reasonably uniform in 
spite of differences in tensile and 3rield 
strength. In the annealed condition there 
is greater divergence in both hardness and 


elongation. However, the variations in 
composition do not produce great differ- 
ences in properties; therefore close control 
of chemical composition in commercial 
preparation of the alloys will not be 
required other than that necessary to 
avoid introduction of the beta solution 
in material to be severely cold-worked. 

Salt-spray Tests 

The tensile properties of allo3^ i, 2, and 3 
after exposure in a salt-spray chamber for 
30 days at room temperature with a 
S per cent salt solution are given in Table 6. 
The tensile and yield strengths show very 
little change, but the percentage elongation 
suffered considerably. The last column 
of the table gives the loss in elongation 
obtained by comparison of the data with 
the values in Table 2. In general, the 
electrolytic manganese alloy suffered the 
least, the brass most, and the ordinary 
manganese aUoy almost as much as the 
brass; that is, the loss in elongation on a 
percentage basis is most severe for the 
brass and the ordinary manganese alloy. 
This can be seen from consideration of 
the relatively high losses that occurred 
in the brass and the relatively low values 
of elongation originally possessed by the 
commercial manganese alloy. In an earlier 
series of tests based on loss in weight of 
samples exposed in the salt-spray chamber 
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for 6 weeks, there was very little or no 
difference between the brass and the 
electrolytic manganese alloy. These results 
indicate that the electrolytic manganese 
alloy is somewhat more resistant to salt- 
spray corrosion than the 70-30 brass. 


Table 6. — TmsUe Properties of 
Sheet after 30 Days Exposure to Salt Spray 
Average or Three Specimens Except When 
Noted 


Alloy 

Reduc- 
tion in 
Thick- 
ness by 
Rolhng 

Tensile 
Strength, 
Lb. per 
Sq. in. 

Yield 
Strength, 
Lb. per 
Sq. In. 

Elonga- 

tion, 

Per 

Cent 

Elonga- 

tion 

De- 

crease 

I 

0 

44.SOO 

13.000 

57 

18 


20 

S4.S00 

44.500 

22 

7 


40 

72,500 

07,500 

5.6 

1.7 


60 

85.500 

79.000 

3 5 

2 9 


80 

100,500 

92.000 

3 0 

0 9 


©0 

102,500 

95.000 

3 0 

0 2 

2 

0 

52,300 

20.600 

34 5 

9 0 


20 

65.500 

57,000 

10.5 

3 5 


40 

81,500 

76,000 

3.7 

0.9 


60 

94.000 

89.000 

3 2 

0.3 


80 

106,000 

99.000 

3.3 

0.2 


90 

110,000 

102,000 

2 7 

0.8 

3 

0 

63,100 

37,600 

24.5“ 

8.0 


20 

77,200 

73,000 

5 5 

I 5 


40 

94.400 

90,000 

2 6 

0.9 


GO 

104,000 

98,000 

2.0* 

I.O 


80 

108,000 

102,500 

2 5 

O.I 


90 

112,000 

107,000 

i — ■ ... 

2 0 

0.8 


“ Average of two specimens. 


Season Cracking 

Comparisons were made between the 
brass and the electrolytic manganese alloy 
as to susceptibility to season cracking. 
After much experimentation the test 
method settled on consisted of bending 
strips of a standard size to the same deflec- 
tion as a simple beam, immersing them in 
the usual^'® mercurous nitrate solution, and 
noting the relative time required to produce 
cracking. Little or no differences were noted 
between these alloys in the 60 per cent cold- 
reduced, 20 per cent cold-reduced and the 
annealed conditions. In the course of this 
work it was noted that the 20 per cent cold- 
reduced material of both allo3rs was most 
susceptible under the conditions of test, 
accordingly several additional tests were 
conducted on material 20 per cent cold- 
reduced and heated to 300® and 3So®C. for 


I hr. The result indicated that susceptibility 
of the brass was greatly reduced by the 
3oo®C. treatment and that a 3So°C. treat- 
ment was required for the electrolytic 



Fig. 18. — Cup and shells drawn prom 

ELECTROLYTIC MANGANESE ALLOY. 

manganese alloy to increase the cracking 
time to that of the brass treated at 3oo°C. 
From these tests it may be concluded that 
while the manganese alloy is susceptible to 
season cracking it is no more so than 
70-30 brass. 

Deep-drawing Test 

Lack of equipment made it impossible to 
conduct extensive tests on the relative 
deep-drawing characteristics of these alloys 
when actually fabricated into cartridge 
cases. However, one trial of the electrolytic 
manganese alloy was made in which 
0.015-in. sheet was blanked, cupped, and 
drawn into a shell and then headed in a 
manner similar to that used for rim-fired 
cartridge cases. The material was annealed 
prior to the blanking and cupping operation 
and then drawn and headed without any 
further heat-treatment. The test indicated 
that the material is capable of being worked 
in this manner at least as well as 70-30 
brass. The successive stages of this deep- 
drawing test are shown in Fig. 18, which is a 
photograph of the cup, the two stages of 
drawing and the headed shell. 

Hot-rolling Behavior 

No difficulties were encoimtered in hot- 
rolling either the brass or the manganese 
alloys under the conditions used in the 
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experimental procedure of this investiga- 
tion. However, Wilkins and Bunn,® among 
others, have reported poor hot-working 
characteristics of alpha brasses in the range 
64 to 80 per cent copper and have stated 
that to hot-roll these alloys utmost care 
must be taken to maintain the lead content 
to a trace and that the presence of 0.03 
per cent lead causes these alloys to fail by 
cracking at any hot-working temperature. 
The materials used in preparing these alloys 
contained only spectroscopic amounts of 
lead, and this no doubt accounts for the 
fact that the brass rolled very well in the 
fabrication of the alloys and in subsequent 
tests. Experiments were conducted to com- 
pare the hot-rolling characteristics of the 
lead-free brass and manganese alloys by 
determining the maximum reduction they 
would be capable of withstanding in a 
single pass without the development of sur- 
face or edge cracks. For the purpose, sev- 
eral pieces of alloys i, 2, and 3, initially 

0.800 in. thick, were heated at i3oo®F. for 
I hr. and individual pieces hot-rolled with 
iSj 25, 35, 45 and 65 per cent reduction in 
thickness in a single pass. Each alloy with- 
stood these reductions without the ap- 
pearance of surface or edge cracking. This 
same procedure w^as also conducted on 
material with an original thickness of 
0.425 in. Again the material withstood 
reductions up to 65 per cent in thickness in a 
single pass without failure of either the 
surfaces or edges; larger reductions were not 
attempted. From these tests it becomes 
apparent that no difficulty would be en- 
coxmtered in commercial processing of the 
alloys by hot-rolling. 

Since fired small-arms cases eventually 
will find their way into brass production 
and may produce ingots containing 0.007 
per cent antimony and 0.07 per cent lead, 
and Hull, Silliman, and Palmer* have dis- 
cussed the deleterious effects of these 
elements singly and together on the hot- 
working characteristics of brass, these 
studies were expanded subsequently to 


include the effects of additions of lead and 
antimony to the allo)^. 

To observe these effects, alloys cast into 
tapered slab ingots were very carefully 
reduced by hot-rolling to a uniform thick- 
ness of I in., using small reductions 
(0.035 in. per pass) and numerous passes 
and returning the slabs to the furnace for a 
15-min. period between passes. After the 
slabs were reduced to i in., they were given 
a minimum of 30 min. at the prescribed 
rolling temperature. Each slab was then 
rolled to give a reduction of 33 H per cent 
in a single pass. The ability of the individual 
slabs to withstand this procedure without 
the development of surface or edge cracks 
was used as an index for satisfactory hot- 
rolling behavior. For the sake of simplicity, 
alloys containing ordinary manganese were 
omitted from this series. The percentages of 
lead and antimony as given are the amounts 
added and, considering the purity of the 
raw materials used, they are sufficiently 
accurate for the purpose. The results ob- 
tained on 16 heats of the cartridge brass and 
33 heats of electrolytic manganese alloy 
are summarized below: 

1. The manganese alloy containing lead 
could be successfully hot-rolled at i5oo°F. 
with 0.14 per cent lead. As the rolling tem- 
perature was decreased the lead tolerance 
of the alloy also decreased and showed a 
limit of 0.07 per cent at i40o®F. and 0.04 per 
cent at i3oo®F. 

2. The manganese alloy containing 0.0 1 
per cent antimony rolled satisfactorily at 
I30 o®F.; higher percentages of antimony 
were not tested. 

3. With antimony and lead together, 
hot-rolling was successful with a manganese 
alloy containing o.io per cent lead and o.oi 
per cent antimony at a temperature of 
i5oo®F. At I4oo®F. this composition 
showed moderate general failure; at i3oo®F. 
an addition of 0.05 per cent lead and 0.005 
antimony was sufficient to produce moder- 
ate general failure, although at i5oo®F. it 
could be rolled successfully. 
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4. The practical limit of lead in 70-30 
brass was 0.02 per cent at a rolling tempera- 
ture of i45o®F. 

5. At i4So®F. it was possible to roll 70-30 
brass with o.oi per cent antimony; higher 
percentages of this element were not tested. 

6. Cartridge-case brass hot-rolled at 
i45o°F. and containing 0.05 lead and 0.005 
per cent antimony showed moderate general 
failure; the addition of o.i lead and o.oi 
antimony showed severe general failure. 

It is obvious that the manganese alloy 
can be hot-rolled with much higher lead 
contents than the brass, and that this 
tolerance for lead increases as the rolling 
temperature is increased. It is also evident 
that antimony present with the lead is less 
harmful to the hot-rolling behavior of this 
alloy. These factors will become more im- 
portant as scrap contaminated with lead 
and antimony becomes more prevalent. The 
only immediate explanation available for 
the higher tolerance for these impurities is 
based on the 10 to 15 per cent beta phase 
known to be present in the alloy at these 
rolling temperatures, Wilkin and Bunn, 
among others, have suggested that the beta 
phase is capable of dissolving up to 1 per 
cent lead, and that this is the reason that 
alpha plus beta alloys containing lead may 
be successfully hot-worked. 

Summary 

1. The ph3rsical properties of the alloy 
containing 65 per cent copper, 10 man- 
ganese, 25 zinc, made with electrolytic 
manganese are intermediate between those 
of the alloy made with ordinary manganese 
and the properties of 70-30 brass. 

2. Upon exposure for 30 da3rs in salt- 
spray chamber the electrolytic manganese 
alloy suffers the least loss in percentage 
elongation. 

3. The rate of grain growth of the elec- 
trolytic manganese alloy is less than that of 
brass; its grain size is slightly more than 


half that for brass annealed at the same 
temperatures. The ordinary manganese 
alloy shows an extremely fine grain size, 
which is attributed to the iron introduced 
with the manganese. 

4. Variations of 2.5 per cent from the 
nominal composition of the electrolytic 
manganese alloy show definite but not 
extreme changes in physical properties. 

5. The alpha boundary of alloys in this 
region of the copper-manganese-zinc sys- 
tem has been established. Isotherms of 
the boundary almost parallel the constant 
copper-concentration lines of the diagram 
and shift toward the copper comer with 
increasing temperature. 

6. The alloy is subject to season cracking 
but no more so than the 70-30 brass. 

7. The alloy was processed into a rim- 
fired cartridge case without intermediate 
annealing, using punches and dies normally 
employed for brass. 

8. The tolerances of the alloy for lead 
in hot-rolling is greater than that of 
brass; the alloy containing 0.14 per cent 
lead may be successfully hot-rolled at 
i5oo®F. compared with a limit of 0.02 per 
cent lead for the brass at i45o®F. 

9. Lead and antimony together are 
more injurious to the hot-rolling char- 
acteristics of 70-30 brass than to those of 
the manganese alloy; alloys containing 
as much as o.i per cent lead and o.oi anti- 
mony can be readily rolled at isoo®F. 

References 

1. R. S. Pratt: Physical Properties of Cartridge 

Case Brass. Mech. Eng, (Feb. 1942) 119. 

2. Wilkins and Boinn: Copper and Copper Base 

Alloys. New York, 1943. McGraw-Hill 
Book Co. 

3. Metals Handbook, 1939 Ed., 1367. Amer. 

Soc. Metals. 

4. Sachs and Croft: Stress Cracking of Brass. 

Iron Age (March 1943) 47-SO, 65-67. 

5. Mercurous Nitrate Test for Copper and 

Copper Alloys, B. iS4-4iT, Amer. Soc. 
Test. Mat. Standards (1942). 

6. Hull, Silliman and Palmer: Effect of Anti- 

mony on Some Properties of 70-30 Brass 
Trans. A.I.M.E. (1943) X5a, 127. 



2.s8 


PHYSICAL PROPERTIES OF A 65-CU, lO-MN, 25-ZN ALLOY 


DISCUSSION 

(C. L. Mantell prei^iding) 

F. M. Walters, Jr.,* Washington, D. C. — 
What is the Young’s modulus for your 10 per 
cent manganese alloys in comparison with the 
70-30 brass? 

J. R. Long. — I am sorry that I do not have 
the actual figures at hand, but it is in the same 
general range. We do not have extensometers 
required for an accurate determination of 
modulus and the values obtained varied 
considerably. Our results ranged from 13 to 
17 X io« lb. per sq in. with similar values for 
the 70-30 brass. We thought the data a bit too 
variable to include here. 

A. A. Bates, t East Pittsburgh, Pa. — ^In 
the section in which you compared the three 
allojTS, one sees as the only apparent difference 
that of 0.25 per cent of iron. In the curves 
that compare the three alloys, it seems that 
the addition of 10 per cent of manganese gives 
a certain effect with regard to elongation, or 
hardness, or whatever criterion you may choose. 
The addition of about 0.25 per cent of iron 
practically doubles that effect. That seems 
rather strange. I should like to know whether 
there is an explanation for it — or is there a 
mysterious virtue of electrolytic manganese 
that brings that about? 

J. R. Long. — It is perhaps a mysterious 
attribute of the ordinary manganese that 
brings it about. We believe that the differences 
are largely due to the differences between the 
two raw materials. 

A. A. Bates. — Differences other than the 
iron that is shown? 

J. R. Long. — Yes, the differences in the iron 
content shown and differenced of silicon 
content that are not shown. In other words, 
analyses show silicon “Nil,” m^^ing under 
0.05; the other alloys also sljpwed silicon 
under 0.05, so that while there i^ po apparent 
difference an actual difference ca4 post- 

A 

* Naval Research Laboratory, Anacostia 
Station. 

t Research Laboratories, Westinghouse Elec- 
tric and Manufacturing Company. 


A. A. Bates. — How about differences in 
such elements as hydrogen, oxygen, and so 
forth? Do you expect anything there? 

J. R. Long. — Nitrogen might have a 
decided effect. Some of the other work we 
have done shows it has a powerful effect. I 
would hesitate at this time to attribute these 
differences, however, to nitrogen alone. I 
would prefer to attribute it to the impurities 
as a whole rather than to any one. 

Member. — Was there a difference in the 
aluminum content of the two supplies of 
manganese? 

J. R. Long. — There is a difference in the 
aluminum content of two raw materials. 
This is what I was going to say before. The 
ordinary manganese, of course, is more impure 
than the electrolytic manganese and contains 
iron, silicon and aluminum and carbon. The 
only one that showed up in these analyses 
was the iron. I would hesitate to blame it all 
on the iron, although a good part of it may be 
due to it. 

As far as the alunainum content of the 
finished alloys is concerned, they were all 
under 0.025. We used some aluminum as a 
deoxidant for the alloys, but they were all 
under 0.025 in the finish. 

A. A. Bates. — In view of the relative 
similarity of the iron and manganese atoms, 
it seems rather startling to say that 25 per cent 
iron is making all that vast difference on 
top of the 10 per cent of manganese. 

J. R. Long. — If you blame it partly on the 
grain size and admit that the iron is partly 
controlling grain size, I think you can come 
fairly close to the answer. The iron is not 
particularly soluble in the alloy, whereas 
the manganese is. That is another point of 
difference. 

C. 0 . ThtFiMe,* Chicago, HI. — You men- 
tioned that silicon was present on the order 
of 0.05 to 0.5 per cent. Is that correct? 

J. R. Long. — Not quite. Let me say that 
0.05 is a maximum. It was not present in 
excess of that. 


* Works Manager, H. Kramer and Company. 
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C. 0. THiEME.“-you mentioned that there 
was 0.02$ masdmum aluminum. One of the 
major differences between electrolytic and 
ferro grades of manganese is sulphur, A com- 
plete analysis — ^unless you are order bound or 
cannot give the information on account of 
war conditions — ^will probably show the 
reason for the great difference in the two grades 
of manganese, will it not? 

J. R. Long. — Such analytical information 
as we have has not been too satisfactory. 
Determination of manganese in this alloy 
is not simple. Determination of aluminum, 
lead, and carbon have not been very con- 
sistent. The chemical laboratory has worked 
rather hard at it, but I think it has been too 
rushed with a number of other things to really 
give it the attention required, 

I am not trying to say that you cannot get 
these analyses, but we did not consider them 
suf&dently important to make a great effort 
to get them, which would have been necessary 
in order to get the information you are asking 
for. 

We have attached no importance to the 
0.02 per cent sulphur in the manganese and 
we have attached no importance to the 
aluminum content. We have added aluminum 
in deosidiziag the alloys and were satisfied 
when the laboratory reported under 0.025. 

lakewis^, on the lead the information 
reported in the paper is on the basis of added 
lead rather than as analyzed. It is very difficult 
to separate lead and manganese in the anal3rti- 
cal procedures and the results that we have 
obtained on the procedures used have not been 
entirely satisfactory. In other words, I cannot 


give you the information you ask for because 
. our analytical work was not carried to that 
extent. We did not feel it was necessary to 
justify the work it would entail. 

C. 0 . Theeme. — ^The reason I bring those 
questions up is simply because of the fact 
that in rolling-mill practice it has been my 
understanding that a very small percentage of 
impurities affects the properties of 70-30 brass. 
We also know that in the manufacture of 
high-strength casting alloys-^that is, a high- 
strength manganese bronze — we have been 
able to secure higher elongations by using 
electrolytic manganese. 

I call your attention to the fact that these 
small amounts of impurities are important 
and the additive effect must not be overlooked* 

J. R. Long. — ^The points raised by Mr. 
Bates and Mr. Thieme concerning the effect 
of the impurities in the ordinary manganese 
may perhaps best be answered by the state- 
ment that we believe that the differences 
noted between the alloy made with dectrolytic 
manganese and that made with ordinary 
manganese are due entirdy to the impurities 
present in the ordinary manganese. These 
same differences have also been observed in 
other alloys that we have examined and we 
' believe them to be due largdy to iron and 
silicon, most likdy affecting the properties 
through a control of the grain size of the alloy. 
The ordinary manganese is also contaminated 
by oxides and nitrides and these may play an 
additional part, but* since we have few experi- 
mental data concerning th^m we cannot say 
much about them at this time. 



The Constitution of the Lead-antimony and Lead-antimony- 

silver Systems 

By B. Blumenthal* 

(Chicago Meeting, October 1943) 


The Lead-antimony System 

The present investigation was planned 
as a surv^ of the lead-rich portion of the 
ternary lead-antimony-silver system by 
thermal analysis. Since, however, a rigorous 
application of the conventional thermal 
analytical method is time consuming, an 
attempt was made to speed up the in- 
vestigation by reducing tie time required 
for a single thermal anal3rsis. This was 
done by increasing the rate of cooling to 
12® to i8®C. per minute. Since such a rate 
does not permit even an approach to 
equilibrium conditions, the melt was stirred 
vigoroudy by a stirrer operating at the high 
rate of 665 r.p.m. This proved to be effec- 
tive in obtaining cooling curves with dis- 
tinct points of arrest and of excellent 
reproducibility, which satisfactorily com- 
pare with those obtained at a rate of i® to 
2®C. per min. with or without slow stirring 
(Fig. i). 

By this method the lead-rich end of the 
lead-antimony sjrstem and a series of ter- 
nary alloys in sections parallel to the lead- 
antimony side of the ternary system were 
investigated and it was observed that the 
two branches of the liquidus curve of 
the binary alloys did not intersect at the 
eutectic temperature. An equivalent effect 
was observed in the ternary s3rstem. 

The eutectic temperature of the binary 
lead-antimony system was found to' be 
252. o®C., which confirms the recent in- 

Manuscript received at the office of the 
Institute Ttily 6, ip43« Issued as T.P. 1634 in 
Metals Technology, Septeihber X943- 
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Laboratory, American Smelting and Refining 
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vestigation by Pellini and Rhines,^ who 
determined the eutectic temperature to be 
zsi-s'C. 

The observation that the curves of pri- 
mary crystallization of the lead-antimony 
system do not intersect at the eut^tic 
temperature was previously made by 
Dean.* Dean explains the phenomenon by 
assuming the existence of a compound 
Sb^Pb. He felt that supercooling was not the 
cause of the phenomena because he was un- 
able to infiuence them by inoculation. 

The X-ray investigation by Solomon and 
Morris- Jones,® the metallographic inves- 
tigations by Stead,^ Charpy,® Gontermann,® 
and Dean, Zickrick and Nix,^ and the 
numerous investigations of physical prop- 
erties, definitely disprove the occurrence 
of any compound. 

The work of Dean was not confirmed by 
Broniewski and Sliwoski,® whose experi- 
ments did not show any irregularity and 
who report a eutectic composition of 13 
per cent antimony and a eutectic tem- 
perature of 250® to 252®C. at a rate of 
cooling of about 6°C. per min. Abel, 
Redlich and Adler® then report a eutectic 
composition of 12.1 per cent upon review- 
ing the previous publications and adding 
a few of their own cooling curves. In 1934 
Quadrat and Jifiste^® found from careful 
analyses of the bottom portion of slowly 
cooled hypereutectic melts that the eutectic 
contains only 11.4 to 11.5 per cent anti- 
mony. (Previous analyses by Stead^ in 
1891 gave 13 per cent.) Weaver, however, 
reported in 1935 that* cooling curves indi- 

* References are at the end of the paper. 
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cated the eutectic composition as being 
nearer 12.7 per cent than 13 per cent, 
without giving any experimental data. 
In 1939 Seitz and DeWitt^® determined the 
eutectic composition to be 12.1 per cent. 

All these discrepancies apparently are 
accentuated by stirring and cooling rates, 
and it was suspected that they are produced 
by supercooling. It was felt that an in- 
vestigation of the effect of stirring and rate 
of cooling on the aystallization tempera- 
tures would solve the problem. 

Methods 

The alloys were made from Perth Amboy 
reffned lead and pure antimony. Some 
alloys were prepared from lead and anti- 
mony of high purity: the lead containing 
as only impurities, bismuth 0.0002 per 
cent, copper 0.0001 per cent; the antimony, 
only lead <0.0005 per cent. The alloys 
were prepared in clay-graphite crucibles, 
or in a Pyrex beaker over a gas burner by 
melting the lead and dissolving the anti- 
mony at about 400® 4 o 5oo®C. At first no 
flux was used. This is entirely satisfactory 
for alloys up to 10 per cent antimony, since 
with skillful operation the loss of antimony 
due to oxidation is negligible. The loss by 
oxidation in preparing alloys with more 
than 10 per cent antimony was about 
o.i to 0.2 per cent. The high-purity allo3rs' 
were prepared under a cover of high-flash- 
point tempering oil without loss of anti- 
mony due to oxidation. 

The rapid rate of cooling of 12® to i8®C. 
per min. was obtained by placing a small 
day-graphite crudble containing about 
50a grams of molten metal in «a larger 
crudble, which was preheated to i25®C., 
and covering each cruqble with asbestos 
sheet. A medium rate of cooling of about 
S®C. per min. was obtained by filling the 
space between the two crudbles with 
infusorial earth and preheating both the 
outer crudble and the insulating material 
th i25®C. The slowest rate of cooling was 
otiftained by placing a 50-c.c. Pyrex beaker 


containing 300 grams of metal in a large 
graphite crudble, then putting both in a 

Table i. — Results of Thermal Analyses of 
Lead-antimony Alloys at Various Rales of 
Cooling 


No. 

Ant£> 
mony 
Content, 
Per Cent 

Rate of 
Coolix^ 
Deg. C. 
per Min. 

Graded 

lAQuidus 
Tem- 
pera- 
ture, 
Deg. C.« 

Eutectic 

Tem- 

perature 

Hypoeutbctic Alloys 

F-846 

F-845 

3. IS 
S.o 

6.3 

1.6 

18.0 

0.9 

H.P. 

R 

H.P. 

304. S 
293.4 
283.9 

(443 S)' 

w* 

F- 84 .'> 

6.3 

0 . 8 * 

H.P. 

385.9 

N.D. 

P-84S 

6.3 

o. 6 « 

H.P. 

llli 

N.D. 

F-81P 

9.1 

1.6 

R 

253.1 

F. 7 S 6 

9.8 

13.8 

R 

259.4 

251.8 

F- 8 S 2 

10. 1 

I.O 

H.P. 

259.1 

251. 7 

F-812 

10 . p 

12.6 

R 

353. j6 


Hypkrbutectic Allots Rapidly Cooled 


P-813 

II. 8 

12.7 

R 


252.3 

P-814 

ia.7 

12.7 

R 

256.4 

252.3 

P-815 

13. S 

13.8 

R 

264.3 

251.7 

P-816 

IS. 3 

IS.O 

R 

283.8 

252.5 

P-853 

15.5 

14. 1 

R 

382.1 

351. 3 

P- 85 S 

IS.S 

13.6 

R 

384. 5 

353.8 


Hypbbeutbgtic Alloys Cooled at Medium Rate 


F-814 


12.7 

S .2 

R 

259.5 


asa.3 


Hypbreutectic Alloys Slowly Cooled 


P-849 

12.6 

I, I 

H.P. 

359.6 

353.0 

P-818 

12.7 

1.3 

R 

363.4 

35X.I 

P-848 

13.3 

i.o 

H.P. 

370. 5 

N.D. 

P-Sao 

13. 5 

1.6 

R 

370.1 

351.7 

P-847 

15.3 

1.4 

H.P. 

386.0 

251J: 

P-847 

15.3 

1.0 

H.P. 

385.4 

N.D. 

P-847 

15.3 

0 . 7 * 

H.P. 

286.3 

N.D. 

P-847 

15.3 

i.S« 

H.P. 

N.D. 

353.0 

P-847 

15.3 

1.5® 

H.P. 

289.5 

N.D. 

P- 8 S 3 

IS.S 

0.9 

R 

391.0 

N.D. 


Nohstirkbd Alloys 


P- 7 S 6 

9.8 

17.1 

R 

356.7 

347.7 

P -754 

14. 5 

IS.4 

R 

2 S 8 .I 

249.3 

P- 7 S 3 

IS.S 

14. S 

R 

369.6 

349.3 


• TaJcea from the slope of the cootmsr curpe Portly 
before reaching the Uqmdus tempeiatw. 

» H.P.. alloys of putity; alloys of regular 
purity. 

• Rkte of heating. 

• Small effect due to mcorntdete equilibrium. 

• Since most of the alloy is scuid at thu temperature 
the mdt could ijiot be stirred, 

S N.D.f not determined. 

wdl-lnsulated dectric pot furnace with all 
inimpaces filled, with infusorial earth and 
covering the furnace carehiUy with an 
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asbestos sheet. The melt was covered with tained the equilibrium temperature of the 
high-flash-point oil. Unless otherwise noted melt did not introduce an error, some 
all melts were vigorously stirred by an temperature measurements were made by 
electrically driven Pyrex stirrer at 665 means of an unprotected Chromel-Alumel 
revolutions per minute. thermocouple and a potentiometer. The 


\\ 






s% ' 

'v 109 % \ ISJ% '' 

IS 3% Sb 


High rah 

Slow rerie 


Flo. I.— Cooling ctjrves op uead-antimony alloys. 



Antimony,weigh+ percent 

PlO. 2.— LlQUmUS AND EUTECTIC TEMPERATURES OP lEAD-ANTIMONY ALLOYS POR VARIOUS CON- 
DITIONS. * 


The teiqperatures were measured by a 
gas-filled mercury thermometer calibrated 
under t;Iie conditions of the experiments 
against the rndting points of Perth Amboy 
lead and pure tin wi^ the accepted melting 
temperatures of 327^(1 and 232^0., re- 
spectivdy. To make sure that the 
that elapsed before the thermometer at- 


results of these measurements were the 
same as those obtained by the mercury 
thermometer, within the error of the experi- 
ment. Readings were made in intervals of 
10 sec. at rapid cooling or i min. at slow 
cooling. The error of the single temperature 
measurement 1 was within ±o.5®C. Tha, 
liouidus and eutectic temnArnturM ' 
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considered to be correct within ±i®C. 
Most of the specimens were analyzed. 
Their composition is correct within ±0.1 
per cent. 

Typical cooling curves at various rates 
are shown in Fig. i. 

Data 

The results of the thermal analyses for 
various conditions are shown in Table i 
and Fig. 2. 

The rate of cooling has no induence on 
the liquidus temperatures of the primary 
lead crystallization. The points of all alloys 
except the points of the nonstirred alloys 
are found on a straight line.* 

The picture is different on the side of the 
primary antimony crystallization. Here, 
the liquidus temperatures are higher the 
lower the cooling rate, and the liquidus 
temperatures are lowest, if the m^ts are 
not stirred. Apparently, the true liquidus 
temperatures were never reached. 

The eutectic temperature is 252.0*0., 
which is the average of all experiments in 
which the melt could be stirred at the 
eutectic temperature. Nonstirred alloys 
show the lower eutectic temperatures as 
reported by previous investigators. The 
temperature of 252.0*0. may be regarded 
as the true eutectic temperature, since 
variation of the cooling rate does not affect 
it if the mdt is stirred. 

As it is well known that antimony metal 
is susceptible to supercoolmg, the phe- 
nomena observed apparently are super- 
cooling phenomena. Vigorous stirring and 
a dow rate of cooling are not suJQBdent to 
completdy counteract the tendency to 
Supercool. It is surprising that e^^uiocuia- 
tion of a nonstured mdt sudi as attempted 
by Dean has no inffudure. 


♦ The linear ftmoftioh: t ■» —675.6 x +327, 
in wfii<ph t is the temperatureiin decrees Oaxd- 
grade and x the antibiony cdotent in weight, 
per cesxt, represents the rescdts extremity well. , 
This fdro covers the ^oys o£ IdW aixdnipiiy 
concentration investdgeted by ^eyobck and 
Neyate'.it ' , - ■* 


The results of a few heating curves are 
included in Table i. The temperatures 
obtained from the heating curves are about 
I® to 2* higher than those obtained from the 
cooling curves. Since the accuracy of th^e 
experiments was somewhat less on heating 
than on cooling, less weight is attached to 
the results of the heating curves than to 
those of the cooling curves. 

As the gap between the liquidus curves is 
still 0.5 per cent even if the melts are 
vigorously stirred and slowly cooled, it 
must be concluded that the true eutectic 
point is found at the intersection of the 
liquidus curve of the primary lead cr3rstal- 
lization with the eutectic temperature of 
252.0*0. This point is at ii.i per cent 
antimony. 

If only the alloys up to ii.i per cent 
antimony are considered, the curve of 
primary lead crystallization as given in 
Fig. 2 is in dose agreement with the results 
of most of the previous investiga- 
This is shown in Pig. 3, 
which also contains the solidus curve by 
Fellini and Rhines^ and the boundary of the 
alpha solid solution by Obinata and 
Schmid. 1 ® 

Since the apparent temperature of the 
primary antimony crystallization depends 
on the rate of cooling, it is possible to 
extrapolate the data graphically for various 
rates of cooling at constant concentration 
to infinitdy slow cooling and thus ap- 
proximatdy determine the true tempera- 
ture of primary crystallization for each' 
concentration. The curve of the primary 
antiniony crystallization in Fig. 3 is the 
result of this extrapoktion to inffnitely 
riow coding (see Table 3). 

Efect ai StagjB 
of Eitiecik Cryisk^ 

The begiimiDg bf cx^allization of the 
lead-antimony eutectiip is aocompanied b 
a number cases by a spedal effect. As the 
tonperatiiie of the indt decreases the' 
(iystaUizadpn starts at the - antidpated 



244 


LEAD-ANTIMONY AND LEAD-ANTIMONY-SILVER SYSTEMS 


eutectic temperature (point A in Fig. i) both rates are extremely small. Some 
but soon stops ( point B). Subsequently, the nuclei are already present when the eutectic 
melt continues to cool and supercool to temperature is reached. These nuclei grow 
point C and then the eutectic cr>'stallizes slowly, producing a small thermal effect, 



Antimony, weight per cent 

Fig. 3. — Constitutional diagram of lead-rich lead-antimony alloys. 


in the way usually observed on supercooled 
melts. The temperature shoots up (to 
point D) until heat equilibrium is reached. 

Table 2. — Liquidus Temperatures of Some 
Eypereutectic Lead-antimony Alloys 
Valdes Extrapolated to Infinitely Slow 
Cooling 

Antimony Content, Liquidus 

W BIGHT. Per Cent Temperature, Deg. C. 
ia.7 364 

13-5 273 

IS. 3 a86.s 

IS. 3 293 

The effect {A~B) that takes place 
preKminary to ^percooling at the initial 
stage of the eutectic ciystafliaation occurs 
on melts of high as well as regular purity, 
on hypoeutectic and hypereutectic alloys, 
and was observed at all rates of cooling in 
stirred alloys regardless of the methods of 
temperature measurement. 

The effect may be explained in terms of 
rate of nudeation and rate of growth. It is 
assumed that at the eutectic temperature 


which, however, is not great enough to 
compensate for the heat loss of the total 
system. Since the rate of nudeation is 
small, crystallization of the mdt and libera- 
tion of the latent heat depends entirdy on 
tjie slow growth of the few nudei originally 
present in the mdt. This will continue 
until the temperature of the mdt is low 
enough to ensure the formation of a sizable 
number of nudei, which then bring about 
the regular eutectic crystallization. 

The Lead-antimony-silver System 

The constitution of the lead-antimony-^ 
silver system has not been previously 
investigated. The only publication is by 
Guertler,^® who predicts the existence of a 
quasibinary S3rstem between lead and the 
compound AgsSb. Since, however, two of 
the boundary systems (Pb-Sb and Pb-Ag) 
are eutectiferous and the third one (Ag-Sb) 
forms two peritectics and one eutectic, it 




Antinx)ny, per ccnf* 

Fig. 5. — Section at 0.4 per cent silver parallel leal^-antocony. 

Dotted lines indicate result of supmooling. 

points in addition to a eutectic one. The ing to the results of the first section of this 
scheme of such a system is shown in Fig. 4. paper. 

The three boundary systems Were taken The lead-rich corner of the system was 
from Hansen’s book on the constitution of investigated by the rapid thermal analysis 
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described above. The rate of cooling was 
12® to i8°C. per min. and the rate of stirring 
625 r.p.m. The alloys were prepared from 


Table 3. — Results of Thermal Analysis of 
Lead-cntimony-siher Alloys at High Rate of 
Cooling 


Speci> 

men 

Composition. 
Per Cent 

Lmuidus 

Tern- 

Inter- 
mediate 
Arrest, 
Deg. C, 

Solidus 
Tem- 
perature. 
Deg, C. 

No. 

Ag 

Sb 

Pb 

perature, 
Deg. C. 

P-768 

0.4 

S.o 

94.6 

289.9 


239.7® 

P-807 

0.4 

7.0 

92.6 

277 3 


243.2® 

P-763 

0.4 

10. 0 

89.6 

256 6 

248.3 

244.2 

P-808 

0.4 

II. 0 

88.6 

250 6 

249 6 

distinct 

P-804 

0.4 

12.0 

87.6 

248 3* 

P-80S 

0.4 

14.0 

85.6 

26s s® 

248.6 

Not 

distinct 

00 

0 

0.4 

z6.o 

83.6 

281 8® 

248.4 

243.2 

E‘ 2 *® 

0.8 

S.o 

94.3 

286.3 

254-3 

240 . 5 “ 

P-809 

0.8 

7.0 

92.2 

373 9 

350.3 

241 . 1® 

P-763 

0.8 

10. 0 

89.2 

254.3 

245.2 

243.7® 

P-810 

0.8 

II. 0 

88.2 

348 3 

246.2 

244.2 

P-786 

0.8 

12.0 

87.3 

246 2® 

244 2 

P-787 

0.8 

14.0 

8s. 2 

361 -5* 

247 2 

24s 0 

P-788 

0.8 


83.2 

278,9® 

347.2 

24s 0 

F-789 

0.8 

18.0 

81 2 

295.3® 

247.2 

344.7 

P-831 

2.0 

3.0 

9 S 0 

291.9 

281 3 

239.3“ 

S' 2 '* 

2.0 

s 0 

93.0 

387.3 

240 . 1* 

2.0 

6.0 

92.0 

384 2 

376. 5 

241 . 5 “ 

P- 7 SK) 

2.0 

7 0 

91.0 

377.6 

268.6 

341 . I® 

P-791 

2.0 

8.0 

90.0 

376.2 

264. 5 

241 . 5 “ 


2 0 

9.0 

89.0 

277.3 

259 2 

243.3* 

P-833 

2.0 

9.0 

89 0 

276.2 

359.0 

243.2® 

P-834 

2 0 

10 0 

88.0 

274.9 

353.8 

345.2 

P- 7 S 8 

2.0 

12.0 

86.0 

371. I 1 
365,3 


344.7 

P -779 

2 0 

14-0 

84.0 

258.7 

244.4 

F -790 

2.0 

16.0 

83.0 

270.8® 

264 5 

244.4 

F-781 

2.0 

x8 0 

80.0 

289.1® 

268.9 

344.7 

P-803 

3.0 

I.O 

96.0 

335.4 

301 


F-802 

3.0 

2 0 

95.0 

337 4 

297.2 

237.1® 

P-801 

3.0 

3. or 

94.0 

336 4 

292.9 

238.6® 

F -797 

3.0 

4.0 

93.0 

322.9 

388.4 

239.9“ 

P- 83 S 

3.0 

4.0 

93.0 

324. 5 

288.9 

340, 1® 

P -773 

3.0 

s.o 

92.0 

324.7 

283.8 

240. 1® 

P-796 

3.0 

6.0 

91.0 

332.4 

277 8 

240,9“ 

P -790 

3.0 

7.0 

90.0 

320,8 

372.6 

241 . 6® 

P- 79 S 

3.0 

8.0 

89.0 

317.8 

266.8 

242.0® 

p-798 

3.0 

9.0 

88.0 

314.2 

261.2 

243.3* 


3.0 

10. 0 

87.0 

307.1 

354. 3^ 

244.2® 

P- 78 * 

3.0 

12.0 

85.0 

306.6 

259 7 ? 

244.8 

P.7S3 

3.0 

14.0 

83.0 

303.1 

356.7® 

344.8 


3 0 

z6.o 

81.0 

297. *8 

273.2* 

244.7 


3.0 

18 0 

79.0 

291.9 

288.3 

244.8 

P-81 1 

3.0 

20.0 

77-0 

399.3® 

394.1 

344.7 

P-770 

1.2 

S 0 

93-8 

383.7 

273 7 

240.3® 

P-77I 

1.6 

5,0 

93.4 

280.1 

278.4 

240. I® 

P -777 

4.0 

S.o 

91.0 

345.4 

384.7 

339.7* 

ltd 

l.IS 

10. 0 

88.85 

353.1 


344.4 

1.4 

10. 0 

88.6 

2 Sp :2 

249.2 

344.3 

P-767 

1.6 

zo.o 

88.4 

356.8 

253.2 

244.2 

P-761 

4.0 

10.0 

86.0 

337.8 

255.8 

344.2 


« Supercooled. 


Perth Amboy lead, fine silver and pure 
antimony in day-graphite crudbles by 
melting the lead, dissolving the silver in 


the lead and then adding the antimony. 
Enough analyses were made to confirm the 
nominal composition of the alloys within 
±0.2 per cent. The thermometric tem- 
perature measurements were correct within 
±r°C. 


Table Location and Temperatures of 
the Eutectic and Transition Curves in the 
Lead-antimony-silver System 


Curve or 
Point 

Composition, Per Cent 

Temperature, 
Deg. C. 

Ag 

Sb 

Pb 

FE 

0 

11. 1 

88.9 

252 0 


0.4 

II. 3 

88 • 4 

249 


0.8 

II. 3 

87.9 

247 

GE 

3.0 

18.4 

78.6 

290 


2.0 

15.0 

83.0 

362 


1.8 

14 0 

8a. 2 

259 


1.4 

12 0 

86.6 

249 

BE 

2.3 

0 

97.7 

304 


1.7 

5.0 

93 3 

279 


1 . 5 

10. 0 

88.5 

250 

IT 

3.0 

10. 0 

87.0 

307 


3.0 

7.0 

91 0 

. 277 

JT 

3.0 

4 0 

93.0 

334 

E 

1.4 

II. 4 

87.2 

244.7 

r® 

I 7 

6 0 

92.3 

273 

Tb 

3.1 

1 . 5 

96.4 

297 


o Approximate data, 
b Estimated. 


Data 

The following sections through the 
ternary system were investigated: 

1. Section at 0.4 per cent Ag parallel Pb-Sb. 

2. Section at 0.8 per cent Ag parallel Pb-Sb. 

3. Section at 2.0 per cent Ag parallel Pb-Sb. 

4. Section at 3.0 per cent Ag parallel Pb-Sb, 

5. Section at 5.0 per cent Sb parallel’ Pb-Ag. 

6. Section at lo.o per cent Sb parallel Pb-Ag. 

The results of the thermal analyses are 
shown in Figs. 5 to 10 and Tables 3 and 4.^ 
The S3rstem follows the general pattern 
shown in Fig. 4. 

The same supercooling phenomena with 
respect to the antimony crystallization that 
were observed in the binary system were 
also found in the ternary S3rstem. Super- 
cooling takes place first at the primary 
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antimony crystallization, second at the result of supercooling, are denoted by 
secondary antimony crystallization if no dotting. 

primary antimony crystallization is preced- The liquidus surface of the lead-rich 
ing, third at the eutectic crystallization if comer of the S3^tem is shown in Fig. n. 



Fig. 6. — Section at 0.8 per cent silver parallel lead-antimony. 

Dotted lines indicate result of supercooling. 

no primary or secondary antimony cry- The eutectic (point E) consisting of lead, 
stallization is preceding or if the amount of antimony and e' solid solutions contains 
eutectic in the alloy is so small that the 11.4 per cent Sb, 1.4 per cent Ag and 87.2 
partly frozen melt cannot be stirred. Also, per cent Pb; it freezes at 244.7^6. Primary 



Fig. 7.— Section at 2.0 per cent silver parallel lEAD-ANTiMONy. 

Dotted lines indicate result of supercooling. 

the delaying effect observed at the initial crystallization of lead solid solution takes 
stage of the eutectic crystallization of the place in field VhFETTE?h, Primary 
lead-antimony alloys was foxmd in the antimony solid solution crystallizes above 
ternary system. The temperature-concen- PEG, The curves JT and TE limit the 
tration curves in Figs. 5 to 9, which are the primary crystallization of the silver solid 
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Fig. 8.— Section at 3,0 per cent silver parallel lead-antimony. 
Dotted Imes indicate result of supercooling. 



Fig. 9. Section at 5.0 per cent antimony Fig. 10. — Section at io.o per cent antimony 
para^l lead-silver. parallel lead-silver. 

Dotted lines indicate result of supercooling. 
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solution. The boundary of the primary 
crystallization of the € phase is ITTJ and 
that of the ^ phase is, GEVL At the 
secondary eutectic crystallization along the 
curve EE the lead and silver phases 
crystallize in section ET^ the lead and € 
phases in section TT' and the lead and f' 
phases in section TE. 

The invariant equilibrium 

Liq. + 6?±€' + Pb 

occurs at the temperature T'. Another 
invariant equilibrium 

Liq. + Ag 5=k € + Pb 

was assumed to exist at the temperature T.. 

Both reactions are suppressed by the 
great rate of cooling employed and no 
thermal arrests related to these reactions 
are found on the cooling curves; therefore 
location and temperature of the transition 
point V were determined by the intersec- 
tion of the curve IT with the secondary 
eutectic curve EE, The composition of the 
alloy T is approximately 6.0 per cent Sb, 

I. 7 per cent Ag and 92.3 per cent Pb. 
The transition temperature is about 272^0. 
Location and temperature of point T could 
only be estimated since only one point of 
the curve JT was determined. They should 
be dose to 1.5 per cent Sb, 2.1 per cent Ag, 
96.4 per cent Pb and 297^0. 

Summary 

The crystallization temperatures of the 
lead-rich lead-antimony alloys were re- 
determined by thermal analysis at various 
rates of cooling by experiments in which 
the melts were vigorously stirred. 

The eutectic temperature was found to 
be 252.0^0.; the eutectic composition 

II. I per cent Sb and 88.9 per cent Pb. 

The Uquidus temperatures of the hypo- 

eutectic alloys are not affected by the rate 
of cooling. The hypereutectic alloys super- 
cool readily, depending on the rate of 
cooling. The supercooling effect is partially 


removed by vigorous stirring at a slow 
rate of cooling. 

A new effect observed on cooling curves 
at the initial stage of the eutectic crystal- 



,51 iver. percent 

Fig. ii.—Liqxjidus surface. 


lization is described and- explained by 
coinddence of a slow rate of nudeation and 
slow rate of growth. 

The liquidus surface of the lead- 
antimony-silver system in the neighbor- 
hood of the lead-rich lead-antimony alloys 
has been determined. 

The system has a ternary eutectic of ' 
11.4 per cent Sb, 1.4 per cent Ag and 87.2 
per cent Pb at 244.7 ± o-S^C. 

The invariant equilibrium 

Liq. + € e' + Pb at 272®C. 

was deduced from experimental and 
theoretical evidence. 

Another invariant equilibrium 

Liq. + Ag?±e + Pb 

was assumed to exist at a temperature of 

297®C. 

The same supercooling phenomena with 
respect to the antimony crystallization 
that were observed in the binary lead- 
antimony system were found to occur also 
in the ternary system. 
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DISCUSSION 

(E. E. Schumacher, presiding^ 

E. E. ScHUMACSER,* Murray Hill, N. J. — 
My associates and 1 have been interested in 

• Bell Telephone Laboratories. 


the lead-antimony alloy system for many 
years and have encountered supercooling 
in such alloys on many occasions. It has always 
been difScult for us to envisage how this 
phenomenon can occur in melts of hypo- 
eutectic alloys in which a multitude of ciys- 
tallites are present prior to the time the 
eutectic temperature is reached. Pre-eutectic 
formed crsrstals would be expected to provide 
nuclei on which both alpha and beta crystallites 
would readily precipitate. Apparently, how- 
ever, the alpha crystallites have little effect 
in initiating precipitation of beta, and vice 
versa; consequently the supercooling. The 
data presented by Pellini and Rhines and by 
the present author are convincing in placing 
the eutectic at about 252®C. It should be 
borne in mind that in practical operations 
involving the melting of the lead-antimony 
eutectic a temperature less than 252^0. will 
almost always be encountered. 

I should like to know whether the ther- 
mometer calibrations were made at the rapid 
rate of cooling and stirring. It would be 
interesting also to know the lengths of time 
that the melts were held at the eutectic 
temperature. A description of the stirrer 
should be given, since specifying speed alone 
does not permit one to gauge the degree of 
agitation occurring in the melt. The inclusion 
of microscopic data pertaining to the ternary 
would be valuable. 

F. N. Rhines,* Pittsburgh, Pa. — The author 
is to be complimented on his successful sup- 
pression of undercooling in the very trouble- 
some lead-antimony system. Although the 
method of stirring is a classic one, it has too 
often been overlooked in recent years. It is 
gratifying also to have confirmation of the 
eutectic temperature which Mr. Pellini and I 
published with some trepidation in view of the 
weight of other published evidence in favor 
of a lower value. 

I should like to take this opportunity to 
suggest once again the advantages of using 
isothermal (horizontal) sections in the presenta- 
tion of ternary diagrams. It is understandable 
that the metallurgist, being accustomed to 
temperature-concentration diagrams in the 

♦Department of Metallurgy, Carnegie In- 
stitute of Technology. 
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representation of binary equilibria, should 
want ternary diagrams to look the same. 
Vertical sections through the ternary space 
diagram are, indeed, somewhat similar to 
binary diagrams in their appearance, but 
there the resemblance ceases. The construction 
and interpretation of vertical sections involves 
pitfalls into which most of us blunder with 
discouraging regularity. In fact, the pre- 
cautions that must be taken to avoid these 
traps are such that it is simpler on the whole 
to discard vertical sections altogether and to 
use isotherms exclusively. To illustrate this 
point I will mention a few of the more common 
difficulties. 

Vertical sections usually are complicated 
both with regard to the number of equilibria 
represented and with regard to the forms of 
the boundary lines. It is almost impossible 
to ascertain the validity of a given construction, 
within the rules of thermodynamics, without 
first developing the corresponding isotherms. 
For this reason many fundamental errors of 
construction have been committed and the 
diagrams so effected can be shown to be 
impossible. Had isotherms been, employed 
the mistakes would have been so evident that 
it is improbable that they would have been 
overlooked by their authors. No such errors 
are apparent in the present paper. 

Another disadvantage of the vertical section 
is that it affords little opportunity to detect 
faulty equilibrium. Thus, as in the present 
paper, if an isotherm is constructed at 
(the ternary* eutectic temperature), it will 
become apparent that the extension of the 
corresponding eutectic line to low antimony 
concentrations, as in Fig. 8,* is of doubtful 
validity; here the line shotild probably end 
at about 4 per cent of antimony on the bound- 
ary of a field of Pb + The fact that thermal 
arrests were found at lower antimony con- 
centrations should not be supposed to mean 
that a transformation may occur in that range, 
but rather that equilibrium was not attained; 
coring effects can easily give x^e to false 
thermal indications of this kind. Other incon- 
sistencies can be detected in the same diagram. 
Tor example, if it is assumed that the liquidus 
points are correct and an isotherm is con- 

♦ Figs. 7 and 8 have been corrected since the 
Preprint was issued. 
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stnicted accordingly at sSo^^C., it will be seen 
that the boundary between the liquid + e 
and liquid -f Pb -h « fields is slightly (0.5 per 
cent) too far to the right; this is the most 
probable direction of error if the disturbing 
effects of coring are present. 

In the interpretation of vertical sections 
still more troublesome deficiencies appear. 
Returning to Fig. 8 as an example, it will be 
observed that the epsilon phase is mentioned in 
a number of fields, but that there is no indica- 
tion whatever of its composition. The same is 
true of every phase represented, except within 
the region of liquid alone. Even the use of a 
multitude of sections would not satisfactorily 
eliminate this objection, for they could not in 
themselves designate the concentrations of the 
pairs and trios of phases in equilibrium. Thus 
half of the potential value of the phase diagram 
is lost in the vertical section; it is possible to 
read transformation temperatures, but not 
the compositions of the phases involved. 
Isotherms, if used in sufficient numbers, give 
both kinds of information. 

No disparagement of the present paper is 
intended in this discussion; indeed I am 
impressed by the evident excellence of the 
experimental techniques and the skill of the 
author in developing the ^grams of this 
complex system. It is my purpose simjply 
to urge the use of isothennal instead of vertical 
sections. 

B. Blxjmentbal (author’s reply).— -It is, in- 
deed, somewhat difficult to envisage that 
alpha crystals have little effect in initiating * 
the precipitation of the beta phase, and vice 
versa. If, however, it is assumed that the 
eutectic crystallization is one in which individ- 
ual solid solutions form siimiltaneously from 
a common melt, it is likely that the formation 
of these solid solutions retains its individual 
characteristics during the eutectic crystalliza- 
tion. Although there may be cases where 
crystals of one kind may act as nuclei for 
crystals of another kind, in the present case 
the crystallization of the constituents of the 
eutectic apparently proceeds independently. 

The thermometer calibrations were made 
under the conditions of the experinoents; i.e., 
separate calibrations were made for various 
rates of cooling with and without stirring. 
Because in the binary system the data con- 
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corning the duration of the arrest at the 
eutectic temperature represent well-known 
information, they were not included in the 
tables. In the ternary system, they would not 
permit an estimate of the limits of solid 
solubility at the eutectic temperature, since 
only a small portion of the whole system was 
investigated and the data are not accurate 
enough when the eutectic crystallization is 
preceded by an uncompleted peritectic reac- 
tion. The stirrer was a Pyrex glass rod of 
5-mm. diameter with propeller-like blades, 
which were rotating directly under the bulb of 
the thermometer. Microscopic observations 
confirmed the diagrams, and since they did 
not give additional information it was felt 
that the reproduction of photomicrographs 
was not really necessary. 

The author wishes to express his thanks to 
Dr. Rhines for calling his attention to the 
obvious error of ending the eutectic line at too 
low an antimony content (Figs. 7 and 8). The 
necessary corrections have been made in these 
diagrams. 

Regarding the limits of the liquid + e and 
liquid + Pb 4 - € fields, the conclusion is jus- 


tified that if the liquidus points are correct, 
the limit is about 0.5 per cent too far to the 
right. This makes the observed temperatures 
about 3®C. too high, whereas it may be ex- 
pected that if coring is the cause of inaccuracy 
the beginning of the secondary eutectic crystal- 
lization would be found at too low a tempera- 
ture. Since the discrepancy is slight, I preferred 
to present the data as they were actually 
observed. 

I concur with Dr. Rhines that it is desirable 
to present isothermal as well as vertical sec- 
tions. A similar discussion followed F. D. 
Weaver’s paper on the constitution of the 
lead-antimony-tin alloys. It may again be 
stated that the ternary diagram covered by 
the present research is only a small part of the 
whole and the limits of solid solubility, par- 
ticularly of the lead phase, were not deter- 
mined. Consequently, horizontal sections could 
be drawn only with certain approximations and 
estimation of solid solubilities for which a 
quantitative basis was not available. There- 
fore, it seemed preferable to bring the vertical 
sections as the direct presentation of the 
experimental results. 



Constitution of the System Indium-zinc 

By F. N. Rhines,* Member A.LM.E., and A. H. GROBEf 

(New York Meeting, February 1944) 

The constitution of the indium-zinc tion of its alloys desirable. As a part of a 
alloy series has been investigated by Wilson program for the reexamination of the con- 
and Peretti,^ who determined the liquidus stitution of indium alloys by precision 
and eutectic temperatures by the conven- methods, the indium-zinc phase diagram 



Fig. I. — Phase diagram op indtum-zinc system. 

Solid lines represent the new data; see Table i for experimental values. The dashed liquidus is 
taken from the work of Wilson and Peretti.^ 


tional method of cooling curves and the 
eutectic composition by analyzing eutectic 
exudations. Recent developments affecting 
the availability of indium and consequent 
increased interest in its applications make a 
more complete knowledge of the constitu- 

Manuscript received at the ofi&ce of the 
Institute Dec. i, 1943. Issued as T.P. 1682 in 
Metals Technology, February 1944. 

* Assistant Professor of Metallurgy and 
Member of the Staff of the Metals Research 
Laboratory, Carnegie Institute of Technolo^, 
Pittsburgh, Pennsylvania. 

t Research Assistant, Metals Research Labo- 
ratory, Carnegie Institute of Technology. 

1 References are at the end of the paper. 


(Figs. I and 2) has been redetermined in 
its entirety. The eutectic temperature 
(i43.5®C.) reported by Wilson and Peretti 
has been confirmed exactly, but their value 
of the ^c concentration at the eutectic, 
4 per cent, was found to be high; the new 
value is 2.8 per cent of zinc. 

There is also a rather large difference 
between the forms of the liquidus curves of 
Wilson and Peretti and those found in the 
present studies. The solidus curves herein 
have been located for the first time and the 
limits of solid solubility have been tenta- 
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tively indicated. By way of a general 
survey of the mechanical properties of 
these alloys, stress-strain curves in com- 
pression have been determined over the 


samples remained in the form of residues 
from chemical analysis. These were re- 
served for the ultimate recovery of their 
indium content. 



W«iqhf Percent Zinc 

Fig. 2. — Detail of indium-eich side op indtum-zinc phase diagram. 


entire range of compositions and a summary 
of these is included. 

Experimental Methods 

Only H lb. of electrolytic indium was 
available for this research. In order to mate 
all of the desired measurements with this 
relatively small supply of metal, a program 
was established in which one alloy composi- 
tion at a time was examined completely; 
the next alloy composition was then made 
by the addition of zinc. Beginning with a 
6o-gram sample of pure indium, 0.5 per cent 
additions of zinc were made until the 
eutectic' was passed, after which the zinc 
concentration was advanced in larger steps. 
In all, 60 alloys were examined. Cooling 
curves liquation' tests and compression 
tests were made in succession upon the 
whole sample. A piece wdghing approxi- 
mately iH grams was then set aside for 
chemical analysis, X-ray diffraction and 
metallographic studies; the remainder was 
used for the next alloy. By the end of the 
program, all of the indium except a small 
quantitity retained for metallographic - 


Metals 

The metals used in this research were the 
purest available in the year 1939. Typical 
electrolytic indium from the lot from which 
the indium was drawn contains 99*92 per 
cent In with the balance mainly Pb, Sn and 
traces of Sb, Zn, Cd, As, Ag, and Cu. Horse- 
head special zinc such as was used may be 
assumed to contain 99.994 per cent Zn 
with a maximum of 0.002 per cent each of 
Pb, Fe and Cd and traces of Sn and Cu. 
Both of these metals appear single phase 
upon metallographic examination (Fig. 3^). 

Because of the repeated melting of the 
alloys, it was necessary to exercise special 
care in order to avoid progressive con- 
tamination. When molten, the metal was 
brought into contact with nothing except 
an alumina crucible, mineral oil or charcoal 
as a cover, a graphite mold and Pyrex glass 
thermocouple tubes (a few of the mnc-rich 
alloys were also heated to liquation in a salt 
bath). As far as possible, contact with the 
air was avoided. When solid, the alloys were 
handled in sted fixtures. No evidence of 
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contamination was found spectrographi- 
cally or in the course of metallographic 
studies. 

Liquidus Determinations 

Low-melting alloys are especially subject 
to undercooling; reliable measurements of 
the liquidus temperatures are possible, 
therefore, only when measures are taken to 
allow nucleation to occur. A special furnace 
of a design proposed by C. S. Smith^ was 
constructed for the thermal analyses. This 
furnace is so arranged that heat is with- 
drawn from the sample at any desired con- 
stant rate. In order to maintain the cooling 
rates to low temperatures it was found 
necessary to add an external water cooling 
coil to the equipment described by Smith. 
The specimen holder was a crucible 
outside diameter, % in. inside diameter and 
2 in. deep) cut from Armstrong “Non- 
Pareil” brick and lined with high-purity 
alumina cement. Two thermocouples were 
used: one, a differential Chromel-Alumel 
thermocouple having one junction within 
the crucible and the other junction outside, 
was used to actuate the furnace controller; 
the other, a platinum-platinum rhodium 
thermocouple of very fine wire (No. 33), 
encased in a thin-walled Pyxex glass tube 
about M wide in diameter, was connected 
to a type K potentiometer for temperature 
measurements. 

In the absence of transformations the 
time-temperature curves are nearly linear. 
By selecting a slow cooling rate, under- 
cooling is minimized but not entirely 
eliminated. A short extrapolation of nearly 
straight segments of the cooling curves to 
their mutual intersection gives a satis- 
factory estimate of the true liquidus point 
where undercooling has occurred. A cooling 
rate of about per minute was used in 
these studies. Both faster and slower rates 
were tried, but it was found that under- 
cooling was too pronounced at faster rates 
and the advantage of slower rates was too 
small to justify the greater expenditute of 


time. Duplicate cooling curves were made 
with a large proportion of the alloys 
studied. 

Accurate temperature measurement was 
ensured by the use of a fine-wire thermo- 
couple to prevent heat loss by conduction 
along the wires, by the use of a thin- walled 
protection tube well centered in the melt, 
by frequent calibration of the thermocouple 
and by the use of sensitive measuring 
equipment. The temperature readings 
could be reproduced within a variation of 
o.i®C. The accuracy of temperature stand- 
ards in this range is a little better than 
o.5°C. It seems reasonable to assume, there- 
fore, that the temperature readings are 
reliable to o.5°C. or less. This degree of 
precision is more than sufficient, since it 
could not be matched in the chemical 
analyses, which are equally important in 
establishing the liquidus points. The data 
obtained are recorded in Table i. 

The nearly horizontal course of the 
liquidus in the range 35 to 75 per cent Zn 
suggests the possibility that a region of 
two-liquid immiscibility might appear at 
higher temperatures. To test this possi- 
bility, molten samples were quickly 
cooled after being held for 24 hr. at tem- 
peratures up to 6so°C. No separation into 
layers could be detected. Two cooling 
curves exhibited inflections at 500® and 
530® C., but these could not be reproduced 
and accordingly were judged to be spurious. 

SoLiDTTS Determinations 

Points on the solidus curve read from 
time-temperature cooling curves are gener- 
ally unreliable because of the excessive 
times necessary to attain equilibrium. More 
trustworthy results are obtainable by 
observing the temperature at which the 
liquation of the homogeneous solid alloy 
begins. The liquid first appears at the grain 
boundaries and can be detected either 
by the metallographic examination of 
quenched specimens or by observing the 
rupture of a lightly loaded bar of the alloy 
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during slow heating. Although the metal- 
lographic technique is generally favored, 
the mechanical method is much less labori- 
ous and has been shown to be equally 


Table i. — Experimental Results 


Zinc, Weight 
Per Cent 

Liquidus 
Tempera- 
ture, Deg. C. 

Solidus 
Tempera- 
, ture. Deg C. 

True Stress 
at 10 
Per Cent 
Strain 

0 38 

155 

152 8 


0 50 

154 5 

150.6 


0 7 S 

IS 4 .S 

149 5 


0 97 

153 I 

146 4 

149 

I 10 


14s 3 


I 23 

152 3 

144 4 


1. 31 



168 8 

1.52 

150.7 

143 4 


X 89 

148 

144 


2 34 

14s 8 


163 2 

2 6x 

144 5 



2 73 

143 8 



315 

IS 3 7 



3 48 



266 4 

3 .6 x 

160 6 

143. 5 


4 39 

182 

143 

200.8 

s 42 

196 

143 . 5 

176.8 

6 S 3 

224 3 

143 . 5 

172 2 

7 S8 

239 5 

143. S 


8.61 

253 5 

143 . 5 

142 8 

10 70 

262 8 


154.8 

12 57 

276 

143 

IS 3.2 

X4 68 

288 8 


147.6 

16 68 

300 7 


141.6 

18 S 7 

313.8 

143 

153 6 

20 46 

319 6 


164 

22 35 

328 

143 . 5 

168 8 

24 S 3 

337 8 


174 8 

26 40 

342 4 



28 50 

343 1 

143 S 


31.32“ 

343 I 

143 


32 17* 

345 

143 4 


33 25 “ 

343.2 

143 4 


35 70 

352 



36 46“ 

346 



38 03 “ 

348.9 

143.4 


38.61“ 

349 9 


179.2 

39 66 

355 


196.8 

4 X 18 

360 

143.4 

260 

42 94 

361 

143 8 

272.4 

46.55 

362 6 


266 

47.62a 

357.8 



SI 91 

363 5 


280.8 

54.48 

36s 6 

143.4 

321.4 

55 98 

367 8 


356.8 

57 92 

369 


419 

60.70 

370.1 


605 

64.46 

369 



67.14 

372 7 

144 

592 

68.75 

371 



74 SO 

375 8 


918 

82 37 

379 3 


932 

86.93 

381 



90 

394 8 



95.08 

40s 



96 36 

407 



98.3 

41S 



99 

4x6 



99.2 


369* 


99.4 


367* 


99.6 


369 * 


99.8 


390.6b 


99.9 


398.3 

2,300 


« Analysis in doubt; point not on the Hquidus as 
plotted. 

^ Not reproducible; not used in tbe construction of 
the phase diagram. 


accurate provided that the structure of the 
metal is such as to permit rupture when the 
first trace of liquid appears and provided 
that no embrittling solid phase is present. 
Experience has shown that, if the bar 
breaks at the same temperature in a series 
of tests with varying heating rates, it is 
safe to assume that the rupture method is 
applicable; this was proved to be true with 
indium-rich alloys and the method was 
adopted. 

The equipment was the same as that 
used for an earlier study of lead-antimony 
alloys and has been fully described else- 
where.® A duplicate apparatus was con- 
structed to permit the use of both an oil 
heating bath in the low-temperature range 
and a salt bath in the higher temperature 
range. The samples were made by remelting 
the alloys in the thermal anal3rsis furnace, 
casting bars % in. in diameter by about 
in. long in a graphite mold and forg- 
ing these cold to a form that permitted 
cutting out bars K by M by i in. These 
were homogenized for periods of i to 3 days 
at i3S®C. in an air furnace, from which they 
were transferred directly to the oil or salt 
bath. The temperature of the bath was 
increased as rapidly as possible to a point 
about 10® below that of the expected break, 
where it was held for a few minutes, and 
then increased at a rate of less than per 
minute until the bar had ruptured. 

From 1.2 to 96 per cent of zinc the break 
always occurred at or very near the eutectic 
temperature 143. 5°C. (Table i). At the low 
zinc concentrations a self-consistent series 
of solidus points was obtained. The inter- 
section of these with the eutectic isotherm 
indicates a maximum solubility of 1.2 per 
cent of zinc in indium. At higher zinc 
concentrations the rupture occurred above 
the eutectic temperature, but the readings 
were not reproducible except near pure 
zinc. Evidently the small quantity of the 
eutectic alloy forming at high zinc concen- 
trations was insufijdent to cause rupture 
consistently at the eutectic temperature. 
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Apparently reliable points on the solidus 
were found only at compositions above 
99.7 per cent of zinc. The limit of the solid 
solubility of indium in zinc at the eutectic 
temperature and the terminus of the solidus 
curve, therefore, has been estimated to be 
about 0.2 from the solid solubility data. 

Solid Solubility Limits 

The intention was to determine the 
limits of solid solubility by the X-ray 
diffraction method using a high-tempera- 
ture camera, but this proved to be imprac- 
tical because the reflections were so diffuse 
that their measurement was impossible. 
Even when the alloys were quenched to 
room temperature from a homogenizing 
heat-treatment, satisfactory diffraction 
patterns could not be obtained. The X-ray 
patterns, however, gave clear evidence that 
no intermediate phases were present. This 
conclusion was supported by the micro- 
structure of an indium-zinc couple, which, 
after being annealed for 60 days at i40®C., 
exhibited no intermediate phase layer. 

As an alternative the familiar metal- 
lographic technique was tried. Cast samples 
of the indium-rich and zinc-rich alloys were 
annealed for periods up to two weeks at 
i4o®C., were quenched and were aged at 
130® and i2o°C. Another group of cast 
samples was annealed successively at 
i2o®C. and i4o°C., with metallographic 
examination after each treatment. It was 
found that the disappearance of the minor 
phase could be observed in both the high- 
zinc and low-zinc allo}^, but that its 
repredpitation could not be detected with 
certainty in either case. Actually, the 
predpitation of zinc particles in the indium- 
rich alloys was observed repeatedly, but it 
proved to be so difficult to distinguish with 
certainty between etch pits and predpitate 
partides that the evidence so obtained 
could not be used. From these observations, 
it was conduded that the solubility of zinc 
in indium falls rapidly with decreasing 
temperature to about 0.9 per cent Zn at 


i40®C. and 0.4 per cent zinc at i20°C.; 
the solubility of indium in zinc at I40®C. 
seems to lie between 0.2 and o.i per cent 
In and at i2o®C. below o.i per cent In. In 
the light of this evidence it appears reason- 
able to assume that the limit of solid 
solubility at the eutectic temperature can 
hardly be more that 0.3 per cent of In and 
not less than 0.2 per cent; the solvus curve 
has accordingly been terminated at 0.2 
per cent of In. 

Microstructure 

Indium is an extraordinarily soft metal, 
which consequently presents unusual diffi- 
culties in metallographic preparation. If 
indium-rich alloys are smoothed on the 
ordinary t3rpe of metallographic emery 
paper, partides of the abrasive become 
lodged in the metal and are exceedingly 
difficult to remove. Microtomy is a possible 
alternative, but the flow in a cut surface 
is so extreme that the microstructure is 
masked. In the present investigation a 
compromise procedure conduding with an 
etch sufficiently strong to remove flowed 
metal was adopted. Indium-rich alloys 
were smoothed by cutting with a razor 
blade; this was followed successively by 
polishing with 600 carborundum on duck 
doth, Gamal alumina in green soap on 
Selvyt doth, finally etching with a mixture 
of approximatdy equal parts of a solution 
of 10 per cent CrOs in water and a solution 
composed of 6 grams of X2Cr207, plus 
20 c.c. of H2SO4 plus 12 c.c. of saturated 
NaCl solution in 300 c.c. of water. Zinc- 
rich alloys were polished in the conventional 
manner and were etched with a 20 per cent 
solution of CrOs in water to which had been 
added one per cent of Na2S04. 

The eutectic (Fig. 3&) appears to be 
composed of lamellar (or adcular) particles 
of zinc (dark) in a matrix of indium (light). 
In the unetched alloy the zinc also appears 
light; the etch heavily attacks the zinc, 
leaving dark cavities. Two indium-rich 
alloys in the as-cast and annealed condi- 
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Fig. 3. — Indium-zinc alloys. X 100 

a. Pure indium, cast, etched. 

b. 2.73 per cent Zn, as cast, etched 

c. 0.38 per cent Zn, as cast, etched. 

d. 0.38 per cent Zn, annealed r week at i4o°C., quenched, etched. 

e. 0.97 per cent Zn, as cast, etched. 

/. 0.97 per cent Zn, annealed i week at i4o®C., quenched, etched. 
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Fro. 4. — ^ZiNC AS PRIMARY coNSTiTtJENT, a AND 6, X 75; c-f, X 100. 

a. 38.61 per cent Zn, as cast, unetched. 

b. 74.50 per cent Zn, as cast, unetched. 

c. 96.36 per cent Zn, as cast, unetched. 

d. 96.36 per cent Zn, annealed i week at i4o®C., unetched. 

e. 99.9 per cent Zn, as cast, etched. 

99.9 per cent Zn, annealed 2 weeks at i4o‘’C., etched. 
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tions are shown in Figs. 3c, d, c and /. The 
zinc phase is present in eutectic array in the 
as-ca‘it alloy in both cases, but is com- 
pletely dissolveil when the lower zinc alloy 


dezincing can occur is worth recording. 
It is noteworthy also that a rather large 
zinc loss upon repeated melting was found 
consistently. 



is annealed. It is noteworthy that all of 
the as-cast indium-rich alloys appear to 
have recrystallized, and that whenever 
plastic deformation has occurred, recrys- 
tallization follows at once. Evidently the 
recr5rstallization temperature lies bdow 
room temperature. 

A group of alloys having the zinc present 
as a primary constituent is represented in 
Fig. 4. No etch has been used with the first 
four of these; the zinc phase appears as 
large light colored dendritic areas em- 
bedded in a matrix of the eutectic. Al- 
though the eutectic structure is not clearly 
ddineated in the unetched surfaces, etched 
samples (not reproduced here) show that 
the zinc of the eutectic becomes segregated 
to the primary dendrites in high-zinc 
allo}^; i.e., the eutectic is divorced. The 
dissolution of the indium phase upon heat- 
treatment is illustrated in Fig. 4^ and/. 

Evidence of dezincing was observed in 
one sample (Fig. 5J). Unfortunately, the 
history of this sample is not positively 
established; there is reason to suppose 
that it had been heated in contact with the 
air. In any event the observation that 


Chemical Analyses 

Reliable methods for determining the 
composition of indium-zinc alloys in sam- 
ples as small as those used in the investiga- 
tion are not available. The usual procedures 
give highly erratic results. It was found 
necessary to develop new methods and 
these proved to be accurate only within 
limi ted concentration ranges. Alloys rich in 
indium were analyzed by a gravimetric 
method which has since been described.'* 
Those rich in zinc were handled by a 
potentiometric titration for indium, also 
described in the reference dted above. 
Some other techniques were used to a 
limited extent in the intermediate con- 
centration ranges, but the values reported 
are chiefly those obtained by the first 
named methods. 

Fortunately, a record of the synthetic’’ 
composition of each alloy was available 
for the detection of large errors in analysis, 
and the regularity of the liquidus curves 
gave a further check. Near the two ex- 
tremes of the concentration range, includ- 
ing the eutectic, it appears safe to assume 
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that the anal5^es are correct within a 
few hundredths of a per cent. Toward the 
middle of the range errors of at least one 
per cent could have eluded detection and 


is to be had by the use of stress-strain 
diagrams made in compression tests. 
These are characteristically of the form 
shown in the example of Fig. 6. After 



Compression m Inches 

Fig. 6. — Typical load-compression cxmvE for alloy containing 0.97 per cent zinc. 



Weight Percent Zinc 

Fig. 7. — Variation op true stress <r, REQunuED to compress to strain of io per cent, plotted 

AS FUNCTION OP ZINC CONCENTRATION, 


errors as large as 5 per cent were found. 
Where there was reason to suspect the 
validity of the analyses, the data were 
not used in plotting the phase diagram, 
but all points are recorded in Table i. 

Mecbanical Properties 

The usual measurements of tensile 
strength, elongation and hardness are 
of little significance in expressing the 
mechanical properties of extremely soft 
metals. A much better comparison of the 
properties in an alloy series of this kind 


the initial rise, the curve tends to become 
straight. By choosing a definite deforma- 
tion as a point of reference, expressed in 
percentage of initial length, the cor- 
responding load values, corrected to true 
load (a) for the individual alloys may be 
compared. 

Samples for compression tests were 
made by casting cylinders yi in. in diameter 
by I yi in. long. These were brought to a 
standard form by compressing in a die 
hi. in diameter. After sizing, the 
samples were annealed for a day at a 
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temperature of i35®C. The zinc-rich 
alloy's were tested in a standard tensile 
testing machine; the indium-rich alloys 
responded to loads too low for the range 
of this machine and a special apparatus, 
using a calibrated steel ring for measuring 
the load, was built for testing in this 
range. 

Values of cr at lo per cent strain are 
plotted in Fig. 7 (see also Table i). Except 
for a sharp maximum at 3.48 per cent 
Zn, there is a steady rise in <r from pure 
indium to pure zinc. The intermediate 
maximum does not, as might be expected, 
occur exactly at the eutectic concentration. 
Its appearance at 3.48 per cent Zn might 
be supposed to be associated with a 
favorable particle size of the eutectic or 
of the primary zinc constituent, hut the 
microstructure of the 3.48 per cent Zn 
alloy (Fig. 5 a) gives little support to this 
view. 

SmUMARY 

The liquidus, solidus, and solvus curves 
of the indium-zinc phase diagram have 
been located. This is a simple eutectiferous 
system with the eutectic at 2.8 per cent 
Zn and 143, 5°C. The limits of solid solu- 
bility lie at 1.2 per cent Zn in indium, 
and approximately 0.2 per cent In in zinc 
at the eutectic temperature, and diminish 
with falling temperature. Suitable metallo- 
graphic techniques are described. In 
compression tests it is found that the 
true stress c corresponding to a standard 
strain passes through a small maximum 
at 3.48 per cent Zn, but its value is exceeded 
in allo3rs containing 50 per cent and more 
of zinc. 
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DISCUSSION 
{John Rtizicka presiding) 

E. A. Anderson,* Palmerton, Pa. — There 
is one point in this paper that I found rather 
interesting; the little peak on the compression 
curve. It happens in the actual table of data 
that the maximum stress is reported for an 
alloy of 3 48 per cent. Now we have noted in 
some single alloys very marked differentiations 
between the properties of the practically pure 
eutectic and the material on either side. 

It might have been interesting had Dr. 
Rhines examined the compressive strength of 
the exact eutectic alloy to see whether the 
peak of such strength did coincide with the 
eutectic concentration. The value as now 
given might be interpreted to mean that the 
eutectic is a little higher than the value plotted 
on the curve. 

F. N. Rhines (author’s reply). — It is 
regrettable that we have no intermediate 
data that would properly answer that question. 
I can only say that the curve of Fig. 7 would 
have to turn upward very abruptly between 
2.34 and 2.8 per cent Zn to place the maximum 
at the eutectic composition. 

* Chief of Metal Section, Research Division, 
The New Jersey Zinc Company. 



Liquidus Determinations in Zinc-rich Alloys 
(Zn-Fe; Zn-Cu; Zn-Mn) 


By Gerald Edmunds,* Member A.I.M.E. 

(New York Meeting, February 1944) 


The liquidus line on the phase diagram 
for temperature versus composition of a 
binary alloy system, representing the 
boundary between the homogeneous melt 
and the heterogeneous melt plus solid, 
besides showing the minimum casting 
temperature, is useful in determining 
eutectic compositions and the presence 
of phase changes such as peritectic trans- 
formations and intermetaUic compound 
formation. 

The liquidus often is determined by the 
cooling curves of thermal analysis, but 
supercooling frequently occurs, so that 
the temperature values are low. An 
alternative method, the one employed 
here, consists of determining the com- 
position of samples of the melts from 
heterogeneous alloys that are at equilib- 
rium. With meticulous attention to funda- 
mentals, this method is capable of yielding 
values limited in precision only by the 
temperature control and measurement and 
analyses. 

Apparatus 

By starting, on the one hand, with a 
supersaturated solution and allowing the 
excess solute to precipitate, and on the 
other hand with an undersaturated solution 
and allowing more of the solute to be 
dissolved, both processes being carried 

Manuscript received at the office of the 
Institute Nov. 20, 1943. Issued as T.P. 1686 in 
Metals Technology, June 1944. 

* Research Division, Technical Department, 
The New Jersey Zinc Company (of Pa.), 
Palmerton, Pennsylvania. 


out at the same temperature, equilibrium 
may be said to have been approached from 
both directions; that is, from above and 
from below. If the analyses show the 
solutions to contain the same fraction of 
solute when equilibrium has been ap- 
proached from above and from below, 
one is assured that equilibrium has been 
reached in both determinations. In order 
to carry out such determinations, it is 
necessary to have equipment for obtaining 
and maintaining the proper temperatures; 
for holding the melt, measuring its tem- 
perature, and stirring, sampling and 
analyzing it. 

The present work required temperatures 
from 420° to 9oo®C. The equipment 
consisted of: 

A furnace, which was a vertical alundum 
tube, 1%-in. diameter inside and 18 in. 
long, wound with Nichrome resistance 
wire, surrounded by a 3-in. i.d. alundum 
tube wound for 5 in. of length near each 
end, for compensation of end losses. This 
muffle was contained in an iron shell with 
Transite end plates, the intervening 
space being pac^^ed with Sil-O-Cel. The 
outside dimensions of the furnace were 
12 in. in diameter by 18}^ in. in height. 

Heating current was supplied by three 
independent variable-voltage transformers 
(Variac), one connected to each end com- 
pensator winding and manually controlled, 
and one connected to the main winding 
through a series resistance of 5 ohms. 
This resistance was short-circuited for 
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high current by a photoelectric poten- to contain, stir and sample the alloys, and 
tiometric temperature controller operated for melt thermocouple protection. The 
by a thermocouple at the center of the melts, sampling equipment, etc., were 
furnace, between the inside and outside contained in open-top or sealed containers, 



Fig. I. — General arrangement of furnace and control equipment for uquidus deter- 

lONATIONS. 

A type K Leeds and Northrup potentiometer and a more rigidly mounted thermocouple 
(Fig. 2) were used for measurement of melt temperature in all the tests reported here. 


alundum tubes. A survey couple for 
determining the gradient along the length 
and inside of the furnace was mounted 
on brackets and a sliding support rod, so 
that it could be raised and lowered without 
appreciable disturbance of the furnace. 
The furnace and control equipment are 
shown by Fig. i. 

Pyrex glass, up to 6io®C., or silica for 
higher temperatures, both of which are 
resistant to zinc, was used for equipment 


according as it was unnecessary or neces- 
sary to prevent either vaporization of 
the melt or its reaction with the atmos- 
phere. The equipment for the various 
tests is illustrated by Fig. 3. The melt 
container rested upon a refractory plug 
(not shown), diameter by 6 in. 

long, in the bottom of the furnace tube. 

A motor-driven apparatus, Fig, 4, 
mountable on top of the furnace, imparted 
about 140 cycles per minute of 180® 
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oscillatory rotation to a stirrer (Fig. 3-fi’), 
or the bulb for the sealed-tube method 
(Fig. 3-/), in which the sampling tubes, 
as baffles, agitated the melt. 

Open-tube Method 

The alloy is best prepared in the melt 
container used during sampling; for con- 
venience, this may be done in another 
furnace. 

The composition of the alloy must be 
gauged so that it will be partly molten, 
partly solid at the temperature of sampling, 
but there should not be enough solid to 
prevent clear samples of the melt. The 
proper composition may be determined by 
preliminary measurement or, frequently, 
by reference to previous determinations. 

The alloy is then heated in the sampling 
furnace nearly to the sampling temperature, 
and the stirrer is mounted and started. 
The mechanical work of the stirring causes 
a slight increase in temperature. The 
agitation of the melt is continued for 
several hours, well beyond the time that 
seems necessary for solution, there being 
no way of determining when it should be 
discontinued unless samples are taken 
periodically — a troublesome and time- 
consuming procedure. When the stirring 
is stopped, the controller setting is adjusted 
manually to keep the melt at the maximum 
temperature attained during agitation; 
the motor drive assembly is removed, the 
melt is skimmed, the sampling tubes and 
breaker rods (suitably held in position 
in a cork, which also has a clearance for 
the thermocouple protection tube, sup- 
ported by a damp above the furnace) 
are introduced and the top opening of the 
furnace is closed with Transite plates and 
asbestos wool. The sampling-tube and 
breaker-rod group is not brought immedi- 
ately to its final position but is first 
held for several minutes above the melt 
for preheating, and is then gradually 
lowered, over a period of several minutes, 
until the sampling tits are at the approxi- 


mate vertical middle of the melt. During 
all of the time from discontinuance of 
stirring until several minutes after the 
sampling tubes have been brought to their 



Fig. 2. — ^Rigidly mounted Chromel- 
Alumel thermocouple for measuring melt 

TEMPERATURE. 

The thermocouple wire passes from the hot 
junction (right) through the copper tube to the 
ice junction (Idt). 

final position, the controller is adjusted 
manually to maintain a constant melt 
temperature. This is necessary because, 
notwithstanding all other precautions, 
the changes in heat loss from the top of the 
furnace and the change of melt depth 
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Fig. 3. — EQUiPiiENT for containing, stirring and sampling melts. Made of Pyrex glass or 

SILICA. 

A. Open-top melt container. 

B. S^on for skimming melt. 

C. Evacuated* sampling pipette (early t3rpe) for lo-gram sample. 

J?. Evacuated* sampling pipette (later t:pe) for 10-gram sample. 

E. Rod for breaking tit from sampling pipette. 

E. Evacuated* double sampling pipette for 3-gram samples. 

G. Rod for breaking tits from double samplmg pipette. 

E. Stirrer and thermocouple protection tube for melt in open-top container. 

/. Bulb for sealed-tube method, 
a. Melt container. 

i. Filler tube, sealed off and removed at x after charging and evacuating container. 

c. Central tube. 

d. Sampling pipette.* 

e. Vacuum release tit. 

/. Drainage tube. The projection of this below the melt container rests in a hole in a 
Transite disk in the furnace for centering the lower end of the tube, 
g. Friction-tape cushioning clamping in mechanical stirrer. 

J. Tee ] 

E. Stopper [ used with bulb /. 

Z. Funnel J 


* The pipettes, while evacuated, are heated nearly to their softening temperature before the 
tits are sealed. Before use they may be checked for vacuum by glow discharge from a spark coil. 
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would otherwise slightly change the melt 
temperature. When stable temperature 
control is assured, the apparatus is left 
on automatic control, with occasional 


temperature of the determination. Since 
the alloy has been produced without ever 
having been heated to a temperature 
above the determination, the melt cannot 



Fig. 4. — Motor-driven apparatus for operating stirrer, with guard and stirrer holder 

REMOVED. 


observations of temperature, to allow the 
solid constituent to settle or rise, according 
to its density relative to the melt. As 
with the stirring, the time required is 
unknown; therefore an excessive length 
of time is allowed. The tits are then 
broken from the sampling tubes by a 
slight, sharp tap directed downward on the 
top of the breaker rods, whereupon the 
sample is sucked into the evacuated tubes. 
After one minute has been allowed for 
complete filling of the tubes, they are 
removed from the furnace, cooled, cleaned 
of all adhering metal and skimmings, then 
broken for removal of the samples. The 
entire sample is used for analysis. 

Summarizing, these samples are from 
a melt in equilibrium with a solid phase 
produced by diffusion of the molten solvent 
metal and the solid solute phase at the 


contain more solute than the equilibrium 
liquidus composition, but may contain 
less if insufiScient time of stirring has been 
allowed. Because of incomplete separation 
of melt and solid, the samples might 
contain some of the solute metal as solid 
particles drawn with the melt into the 
sampling tube; it is considered that if 
this occurred the amount involved would 
vary from sample to sample, so that the 
presence of an error would be obvious 
and the samples would be disregarded. 

To obtain samples from a mdt that 
has been supersaturated, the furnace 
temperature is next raised and the alloy 
stirred until all solute is in solution. 
This may be detected by feeling with a 
rod. (If the temperature required for 
solution exceeds that which is practical 
from oxidation, vaporization, or equip- 
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(Mi 589s). Largest Fe- 
cryBtals found in entire 
; section 



d (M1S896). Largest Fe- 
^ i Zn crystal present in entire 
^ ^ section 



Fig. 5. — Ingot of o.i per 

CENT IRON-ZINC ALLOY AIR- 
COOLED FROM 475 °C. 

(Fe-Zn crystals form and 
settle rapidly, accounting for 
their scarcity in sample &. Hie ^ 
samples from this alloy were 
taken from 4 in. and 234 
above the bottom of the melt 
container, at levels approximately ' . 
equivalent to photomicrographs b ‘ ■ 
and Ct and analyzed 0.055 ^.nd 0.054 per cent Fe, respectively.) 

a is about natural size. Photomicrographs 6-5, X 24. 

Etchant: 20 grams CrOs, 1.5 grams Na2S04, 100 c.c. HiO. 


e (Mi 5897). Many large 
Fe-Zn crystals present 
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ment considerations, samples are taken, 
using the regular sampling-tube breaker- 
rod assembly but without particularly 
close temperature control, and analyzed 


of the solid phase; then samples are taken 
and analyzed, as before. To ascertain 
whether the proportion of solute is satis- 
factory for good melt sampling, the melt 


Table i. — Experimental Data of the Zinc-rich Zmc-iron Liquidus Determination 


Equilibrium Approached from 

Observed Tem- 
perature 
l)eg. C. 

Weight 

Per Cent Pe 

Data Plott 

1000 

ed in Pig. 6 

Atomic Per 
Cent Pe 




Admitted 

Abs. Temp.® 


Mini- 

Maxi- 

Analy- 

Variation 






mum" 

mum* 

SIS 

in Analy- 

Mini- 

Maxi- 

Mini- 

Maxi- 





sis 

mum 

mum 

mum 

mum 

Supersaturation* 

423.5 

425 6 

0.014 

±0 001 

1.4365 

1.430, 

HRH 

0.0175 


423.1 

424.2 

0.014 

±0.001 

1.437? 

1.433; 


0 . 017 ^ 

Undersaturation 

422.6 

424.1 

o.oii 

±0.001 

1.4382 



0.017? 

428.4 

429.5 

0.016 

±0.001 

1.4254 



0 . 0 I 9 q 

Supersaturation* 

428 4 

429. 5 

O.OIS 

±0.001 

1.426^ 



0.018® 

473.7 

475.4 

0.055 

±0.001 

1.339J 

I. 33 SJ 

0 063J 

0.065! 

U ndersaturation 

473 7 

475.0 

0.055 

±0 001 

1 . 339 S 

i. 335 q 

0.063" 

0 065? 

474.7 

475.9 

0 OSS 

±0.001 

1.338® 

1.334? 


0.065? 

Undersaturation 

502. 4 

SO3.4 

0.115 

±0.004 

1.290, 

I. * 87 ? 

0.130^ 

0 139° 


502.4 

S03.4 

0. Ill 

±0.004 

1 . 290^ 


0.125 

0.135 


503.2 

SO3.9 

0.112 

±0 004 

i.289g 


0.126 

0.136 

Superaturation* 

S03.2 

503.9 

0.113 

±0.004 

1.289? 

1.2863 

0.128 

0 137 

S03.4 

SO4.3 

0.124 

±0.004 

I. *88° 

1.285? 

0 140 

0.150 

Supersaturation/ 

507 0 

SO8.4 

0.130 

±0.004 

I. *81? 

i.278| 

0.147 

0.157 

U ndersaturation 

521. 9 

524.4 

0.174 

±0 004 

I.asfj 

1.253; 

0.199 

0.208' 

Supersaturation. 

521 9 

524.4 

0.188 

±0.004 


1.353; 

0.215 

0 225 ' 

523.5 

525.0 

0.192 

±0.004 

I as6' 

i.asa! 


0.229 

U ndersaturation 

523 5 

525.0 

0.199 

±0.004 

I as6* 

1.252* 

0.228 

0.238 

526 2 

528.9 

0.185 

±0.004 

1 251* 

l.a46? 

0 212 

0.221 

Supersaturation* 

526.2 

528.9 

0.185 

± 0 004 


1.246? 

0.212 

0.221 

592.9 

594 4 


±0 01 

1 155 ? 

I.I52? 

0 99 , 

1 0 I-' 

Supersaturation* 

Undersaturation 

592.9 

594.4 

0.80° 

±0.01 

1.1557 

1 . 152 ? 

0.93: 

0 9 S|' 

606.3 

606.3 

607.4 

607 0 
607.0 
608.2 

0.905? 

0.91; 

0.82^ 

±0.01 

±0.01 

±0.01 

1 137 t 

1.137I 

1 135; 

I.135J 

i.i 3 Sg 

l.i 34 o 

I.OjJ 

l.oSJ 

o. 9 s; 

1.06* 

i.o8| 

0 975 


607.4 

608.2 

0 83J 



1 . 134 ° 

0 955 

0.98® 


" The lowest temperature observed during the last 24. hr. before sampling when equilibrium was approached 

from undersaturation, or, the lowest temperature ever observed when equilibrium was approached from 
supersaturation. 

^ The highest temperature observed during the last 24 hr. before sampling when eqiiilibxium was approached 
from supersaturation, or, the highest temperature ever observed when equilibrium was approached from 
undersaturation. 

« Less o.5**C. for minimum; plus o.5°C. for maximum. 

^ Sample taken at about analyzed 0.10 per cent Pe. 

• Sample taken at about SS7®C. analyzed 0.26 per cent Pe. 

f Sample taken at about 549°C. analyzed o.ao per cent Pe. 

0 Values do not overlap; plotted with dashed lines. 

^ Samples taken at about 614^0. Analyzed i.ii and 1.06 per cent Pe. 

* Sample taken at about 6i4°C. analy^sed 0.913 per cent Pe. The ingot of the air-cooled melt contained a 
relativdy small amount of iron-rich constituent. In view of these uncertainties, the graph has been drawn with- 
out inclusion of this value because it would require a considerable change in riope of the line, although the line 
could be so drawn and be consistent with all of the data. 


for assurance that the melt contains more 
solute than is found by anal3rsis when the 
alloy is cooled to the final sampling 
temperature.) The furnace temperature 
is then reduced to a few degrees above the 
sampling temperature and the sampling- 
tube, breaker-rod group is introduced as 
before. The temperature is then slowly 
reduced to the sampling temperature and 
automatically controlled there for a period 
sufi^dent to allow complete separation 


container may be removed and air-cooled 
and the ingot examined. Microsections 
of the ingot will reveal at one end of it 
(according to the relative density of the 
mdt and solid phase) a layer of coarse 
crystals of the phase that was solid at the 
test temperature (for example, Fig. 5), 
while the rest of the ingot will contain the 
solidified melt together with finer partides 
of second phase that have separated 
during air cooling. 
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Sealed-tube ]\Iethod 

For melts subject to rapid evaporation 
or reaction with the atmosphere, equilib- 


beforehand. The required amount of 
solute in small pieces is introduced through 
the filler tube, the tee J with stopper K 
is attached, the bulb is evacuated, then 



0.1 

Atomic Per Cent Iron in Zinc 


1.0 


^ Fig. 6. — Liquidus of zmc-RiCH zinc-iron alloys. 

Plotted as logEnthm of atomic per cent of iron versus reciprocal of absolute temperature. 


rium is obtained by working with the 
alloy in a sealed container of the t3rpe 
shown in Fig. 3-/. The principles involved 
in this technique are basicly the same 
as in the open-tube method, but the 
manipulation requires extreme care be- 
cause of the fragility of the equipment. 
The alloy is made in the bulb, the volume 
of which must have been determined 


lowered into the hot furnace. By continuing 
the evacuation, permissible only if the 
solute will not evaporate at the furnace 
temperature, adsorbed and occluded gases 
held by the bulb and solute are removed. 
The bulb is then filled through the tee 
with a gas inert to the alloy, stopper K 
is removed, funnel L is put in the filler 
tube and preheated with a gas flame, 
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purpose; the bulb is then lowered, the 
stirring apparatus mounted and the at- 
tachment made with the central tube 
(c of Fig. 3-7). The melt thermocouple is 
inserted and supported so that its junction 
is about Jie in. above the bottom of the 
central tube. The alloy is brought to 
temperature, stirred, and allowed to 
separate into its two phases by the same 
general procedures as have been described 
for the open-tube method. For sampling, 
the following operations are done in 
quick succession: the melt thermocouple 
is removed and slowly replaced by a flat- 
end breaker rod or tube, tit e, Fig. 3-J, is 
broken to admit air to the bulb and bring 
it to atmospheric pressure; the breaker 
rod is shoved sharply downward about an 
inch, breaking the bottom from the central 


Table 3. — Experimental Data of the Zinc-rich Zinc-copper Liquidus Determination 


Equihbrium Approached from 

Observed Tem- 
perature, Deg. C. 

Weight 

Per Cent Cu 

Data Plotte 

1000 

Abs. Temp.® 

i in Pig. 7 

Atomic Per 
Cent Cu 

Mini- 

mum® 

Maxi- 

mum* 

Analy- 

sis 

Admit- 
ted Vari- 
ation in 
Analysis 

Mini- 

mum 

Maxi- 

mum 

Mini- 

mum 

Maxi- 

mum 

Supersaturation 

427 2 

431.3 

1.77 

±0.05 

I 429 o 

I 4185 

1.77 

I 87 


427.2 

431.3 

1 72 

±0 05 

I.429J 

1.4185 

I 72 

z 82 


427.2 

431.3 

1.82 

±0.05 

I. 429? 

1.418? 

1.82 

Z.92 

Undersattiration 

439. S 

441. 1 

I 99 

±0 05 

1.404, 

1 . 399 ^ 

1.99 

2 zo 


439. S 

441 I 

2 04 

±0.05 

1.404^ 

1 . 399 ^ 

2 05 

2 .ZS 


439.5 

441. 1 

2 08 

±0 05 

1.404:5 

1-399: 

2.09 

2 19 

Supersaturation** 

529.8 

530.2 

5.68 

±0.05 

I 246:5 

1 . 344 ? 

5.78 

5.88 


529.8 

530.2 

5 70 

±0 os 

i. 246 | 

1.244^ 

5.80 

5 90 


529 8 

530.2 

5.73 

± 0.05 

1.246| 

1.244; 

5 83 

5.93 


529.8 

530.2 

5 74 

±0 05 

1 246:5 

1.244; 

5.84 

5 94 


528.3 

530 I 

5.66 

± 0.05 

i.248g 

i- 344 i 

5 76 

5.86 


528.3 

530.1 

5.67 

±0 05 

1.248® 

1.2442 

5 77 

5.87 


528.3 

530 I 

5.67 

±0.05 

1.24&I 

1 2442 

5.77 

5.87 


528 3 

530.1 

5.66 

±0 05 

1 . 2 A 85 

I 344, 

5.76 

5.86 

Supersaturation* 

585.9 

587 6 

9.73 

±0 05 

1.1648 

1.161? 

9 93 

10.03 


585.9 

587.6 

9.70 

±0 OS 

1.1648 


9.90 

10 00 

Undersaturation/ 

594.1 

595-0 

10.54 

± 0.05 

1.1538 

1.151: 

10 76 

Z 0.86 


594-1 

595.0 

10.52 

± 0.05 

1.1538 

1 . 151 “ 

10.74 

ZO.84 


594.1 

595.0 

10.57 

± 0.05 

1 1538 

1 151“ 

10.79 

ZO.89 


594.1 

595.0 

10.58 

±0 OS 

1.1538 

l.lSi| 

10.80 

zo 90 


« Same as footnote a, Table i. 

* Same as footnote 6 , Table i, 
o Same as footnote c, Table z. 

Open-tube method with hydrogen atmosphere. 

• S^ed-tube method. The tube was not sealed immediately, but a methane atmosphere was maintained in it 
eorvni^t, after which a sample of the melt was obtained through the filler tube and the tube was then sealed off. 
The sample analyzed 11.9 per cent Cu. 

f Sealed-tube method. 

again evacuated. The filler tube is sealed tube and the sampling-tube tits. The bulb 
off at rjc. Fig. 3-/, with a torch after the is removed from the furnace and the 
bulb has been raised enough for that breaker rod is first shoved down to break 


molten zinc is poured in to within about 
H in. of the top of the bulb, the funnel is 
removed, stopper replaced and the bulb 


Table 2. — Liquidm Values for Zinc-rich 
Zinc-iron AUoys 


Temperature, 
Deg. C. 

Weight Per Cent Iron in Melt 

According to 
Truesdale, 
Wilcox and 
Rodda* 

According to 
Present 
Investigation 

419 4 (Eutectic). . 

0 oz8« 

0 . 0 Z 2 « 

425 

0 02 

0 0Z4^ 

450 

0.03 

0 029* 

475 

0 06 

0.056 

500 

0. zo 

O.IO 

52s 

0.20 

0 Z 9 g* 

550 

0 30 

0 31^* 

575 

0 45 

0 S 3 * 

600 

0.70 

0.86 

672 (Pentectic) . . . 

3.0 

3 02“ 


« Extrapolated. ^ 
‘ Interpolated. 
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the top of the drainage tube, then raised 
to allow the melt to run out. The bulb is 
then cooled and broken and the samples 


sample. The absolute accuracy of these 
has not been established, but great care 
has been taken to ensure a high order of 




ihessbeI 




nil 




iinni 

iBir 

tml 




innii 




I Indicates that equilibrium was approached ^ 
from undersaturation. 

• Indicates that equilibrium was approached ” 
from suoersaturatlon. 

- 






1 475*C, 


-.Thermal Analysis Results: 







_ Ruer and Kremers J 







1 1 Jf Schramm J 


1 

1 




• Anderson, et al I 


1 

1 





l■i;^ 
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Atomic Per Cent Ccgper In Zinc 

Fig. 7 .— Liquidus of zinc-fich zinc-copper alloys. 

Plotted as logarithm of atomic per cent of copper versus reciprocal of absolute temperature. 

are removed and analyzed as in the open- accuracy and recognized possible errors 
tube method. have been indicated on the plots by using 

■n boxes instead of points. Besides the 

estimated variation of analysis from true 
The data are the temperature of sampling composition and an over-all allowance of 
and the analyzed composition of the ±o.s'’C. for the several possible errors 
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involved in measuring temperature, the 
temperature dimension of these boxes 
takes into account the observed maximum 
departure over the last several hours 
from (i) the maximum temperature ever 
observed on a run approached from 
undersaturation or (2) the minimum 
temperature ever observed on a run 
approached from supersaturation. The 
observed maximum and minimum values 
may not represent the true range, since 
no continuous record of high sensitivity* 
was kept; however, usually the large 
variations occurred as a result of some 
attention to the experiment and observa- 
tions could then be made. The fact that 
straight lines or smooth curves can be 
drawn to agree with all of the boxes for 
the plot of any liquidus branch is con- 
sistent with the allowances made. 

Liquidus of System Zinc-iron from 
422® TO 6 o 7 ®C. 

The report on the liquidus of the zinc- 
iron system by Truesdale, Wilcox and 
Rodda^ affords a basis for comparison of 
improved techniques. Also, the data of 
these authors depart somewhat from 
linearity,* particularly at the lowest 
temperatures and where the least departure 
would be expected, on a plot of the loga- 
rithm of atomic composition x versus the 
reciprocal of the absolute temperature T, 
and it was desired to test this relationship, 
since it could be useful in establishing 
eutectic compositions and in indicating 
other phase changes in allo3rs. 

Alloys were made from a special lot of 
C.P. grade zincf and intermediate allo3rs 
containing o.i or 4.1 per cent of Armco 
iront alloyed with the same lot of C.P. 

* A continuous Tapalog record was kept to 
spot any large variations; for example, one due 
to a temporary power interruption. 

^ References are at the end of the paper. 

t Principal impurities, other than 0.0005 per 
cent Pe, are 0.0001 per cent Pb and 0.000027 
per cent Cd. 

t Typical analysis (see p. 3 of ref. i) : C, 
0.0x2 per cent; Mn, 0.018; P, 0.004; S, 0.022; 
Cu, 0w044; Si, trace. 


grade zinc. The open-tube method of 
liquidus determination with Pyrex glass 
equipment was used substantially as it is 
described above. The data obtained are 
given in Table i and Fig. 6. The results 
are all representable by a straight line 
on the Irur versus i/T graph. A com- 
parison of liquidus values from this and 
the Truesdale, Wilcox and Rodda in- 
vestigation is given in Table 2. Considerable 
differences are noted near the eutectic 
(these values influence the determination, 
by extrapolation, of the eutectic com- 
position) and at 6oo°C. By extrapolating 
to the 672®C. peritectic horizontal, the 
liquidus composition is 3.^2 per cent Fe, 
agreeing with the value 3.0 per cent Fe 
reported by Truesdale and his co-workers. 
It may be significant that while this 
straight-line extrapolation of the Inx 
versus i/T graph departs considerably 
from the liquidus values between 575® 
and 6so°C. reported by Truesdale et al., 
the value at 672®C. agrees, and those 
investigators had used a different procedure 
for this and higher temperatures than 
for the lower temperatures. 

Liquidus of System Zinc-copper from 
427° TO 594°C. 

The liquidus for zinc-rich zinc-copper 
alloys has been determined from the 
cooling curves of thermal analysis by 
Ruer and Kremers,® Schramm,* and 
Anderson et al.® The data obtained by 
these investigators for temperatures up 
to 6oo®C. have been converted to appro- 
priate units and plotted as the Inio x versus 
1000/ r in Fig. 7. 

A few determinations have been made 
by the procedures described in this report. 
The zinc was from the same special lot 
of C.P. grade used for the iron alloys, and 
the copper was dectrolytic. The results 
are given in Table 3 and are induded 
on Fig. 7. 

The new data fall upon a straight line 
on the lux versus i/T plot and this line 
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lies slightly above the lines drawn to 
represent the published data obtained by 
the cooling-cur\’e method. The difference 
is small and in the direction expected; 
that is, the values reported from cooling 
curves are probablj' slightly low because of 
supercooling. 


Zn-Fe alloys. The results are given in 
Table 4 and Fig. 8. 

Before enough data were obtained to 
establish this liquidus curve, the investiga- 
tion was discontinued. The results that 
were obtained do not lie upon a straight 
line on the Iruc versus i/T plot; they do 


Table 4 . — Experimental Data on the Zinc~rich Zinc-manganese Liquidi4>s Determinatio^i 


Equihbrium Approached from 

Observed Tem- 
perature, Deg C. 

Weight 

Per Cent Mn 

Data Plotted in Fig. 8 


>00 

remp.« 

Atomic Per 
Cent Mn 

Mini- 

mum** 

Maxi- 

mum^ 

Analy- 

sis 

Admit- 
ted Vari- 
ation in 
Analysis 

IC 

Abs. *] 

Mini- 

mum 

Maxi- 

mum 

Mini- 

mum 

Maxi- 

mum 

Undersaturation 

440 S 

443.0 

I 70 

±0 os 

I *402, 

I 395 e 

I 96 

2 08 


440. S 

443.0 

1.69 

±0 os 

I 402 f 

I 395 ? 

I. 9 S 

2 06 

Supersaturation . 

444 0 

448 2 

I 81 

±0 os 

I 395 ^ 

I 3 |S| 

2 09 

2.21 


444.0 

448 2 

1.82 

±0 os 

I 39 S| 

I 3854 

2.10 

2 22 

Supersaturation 

484 8 

485.5 

3.42^ 

±0 os 

1.320* 

1 . 317 ^ 

3 99 

4. 10 


484 8 

48s 5 

0 6o« 

X 

X ^ 

X ^ 

d 

d 

U ndersaturation 

536 2 

523 s 

5.42 

±0 os 

I 2 SI 

I 246 

6 33 

6 44 


526.2 

528 . s 

5 41 

±0 os 

1 2SI® 

I 246' 

6 32 

6.43 

Supersaturation . 

527 0 

527.3* 

5 SO 

±o.os 

1 2S0g 

I 248 | 

6.42 

6 S 4 


527 0 

527 3 * 

5 53 

±0 os 

i. 2 so 9 

I 248 < 

6 46 

6 57 

Undersaturation. . 

'574 3 

578.1 

8 42 

±o.os 


I I 74 j 

9.81 

9 92 


S 74 3 

578 I 

8 45 

±0 os 

i.i 8 o« 

I 174; 

9.84 

9.96 

Supersaturation . . 

381 3 

582 5 ^ 

8 64 

±o.os 

I 171? 

I i 68 j 

10 Og 

10 1 

Supersaturation 

796 » 

800. 

23 45 

±0 os 

0.936^ 

0 931 

26.7® 

26.8^ 


> Same as footnote a. Table i. 

> Same as footnote &, Table i. 

« Same as footnote c. Table i. 

* Obviously incorrect; iwobably the tit accidentally broke from the sampling tube before the regular sam- 
pling. 

* Only three hours of settling. 
f Only eleven hours of setthng. 

No calibration was made of the thermocouple. The conversion was made from the standard Leeds and 
Northrup chart. 

* This alloy probably was contaminated slightly through accidental breakage of the thermocouple protection 
tube and consequent solution of part of the thermocouple. 


Accepting the peritectic tempera- 
tures as 424® and 6oo°C., the respective 
liquidus compositions are 1.6^ and per 

cent Cu. 

Liquidus of System Zinc-manganese 
FROM 440® TO 8oo®C-* 

The manganese of Zn-Mn alloys reacts 
with the atmosphere, necessitating the 
use of the sealed-tube method for the 
liquidus determination. The alloys were 
made from electrolytic manganese, broken 
cathode sheet,® and the same special lot 
of C.P. grade zinc that was used for the 

* The furnace and control were not the 
same as were used for the Zn-Pe and Zn-Cu 
determinations. 


lie along the smooth curve drawn to 
represent them in Fig. 8. It is entirely 
reasonable that the data fit a curve 
rather than a straight line, since the 
epsilon phase of the Zn-Mn system is a 
solid solution.* A discontinuity in slope 
in the curve would indicate a peritectic 
reaction, but a slight discontinuity would 
not be apparent unless many data were 
plotted. 

Early published data on this liquidus 
curve were summarized by Hansen;^ 

♦ The equation \nx —L/RT -1- C is de- 
rived with the assumption that L (the molal 
heat of solution) is constant, the solution is 
perfect, and the precipitating phase is a pure 
element or compound (not a solid solution of 
varying composition).* 
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subsequently it was redetermined by 
thermal analysis by Schramm,® using 
Q9.95 per cent Zn and 96.5 per cent pure 


in Fig. 8. The thermal analysis data lie, 
as usual, below those determined by the 
equilibrium sampling method. 



Fig. 8. — Liqijidus oe zinc-rich zinc-manganese alloys. 

Plotted as logarithm of atomic per cent of manganese versus reciprocal of absolute temperature 


Mn, and by The New Jersey Zinc Co. 
(of Pa.) (unpublished data) using Special 
High Grade Zinc and electrolytic man- 
ganese. The results of the last and a few 
points from Schramm’s curve are shown 


Summary 

A technique for the accurate determina- 
tion of liquidus points in zinc alloys has 
been described. This involves bringing a 
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partly molten, partly solid alloy to equilib- 
rium and removing and analyzing a 
sample of the melt. By use of a special 
sealed container, alloys that are volatile 
or reactive with the atmosphere have 
been included for investigation. 

Points on the liquidus curves have been 
determined for the systems: 

Zn-Fe from 422® to 6o7®C. 

Zn-Cu from 427® to 594® C. 

Zn-Mn from 440® to 8oo®C. 

In the Zn-Fe system, the eutectic 
composition is 0.0122 weight per cent Fe. 

In the Zn-Cu system, the liquidus 
compositions at the 424® and 6oo®C. 
peritectics are 1.6^ and ii.q per cent Cu. 
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DISCUSSION 

(John Ruzicka presiding) 

F. N. Rhtnes,'^ Pittsburgh, Pa. — I think 
that this paper is something of a classic, 
inasmuch as it represents a very ingenious 
adaptation of what was regarded as the classic 
method of determining liquidus curves 50 years 
ago to metals that heretofore have resisted 
the method. It is technically very sound, and 
I think that the approach is most interesting. 

W. L. FiNK,t New Kensington, Pa. — This 
method is really very useful. I think in general 
it gives more accurate results than can be 
obtained by cooling-curve methods, particu- 
larly when the slope of the liquidus curve is very 
steep. 

We have used the method extensively in 
working on aluminum diagrams. We did not 
use quite the refinement of technique that 
was used here, and of course, we are unable to 
use glass or silica in contact with aluminum. 
It was necessary to use graphite crucibles and 
graphite stirring rods instead of the glass. 

We did employ larger melts than were used 
by the author. That has the advantage of 
enabling one to take more samples without 
running out of material. We were able to 
take samples after two or three intervals at 
each temperature. If they all checked, we 
were confident that equilibrium had been 
attained. With this double check on equilibrium, 
the points all fall on the curve. That is an 
advantage. 

There is an incidental use that can be made 
of the unused portion of sample that finally 
solidifies. By the time the experiment is 
completed, there will be some very large 
pieces of constituent at the bottom of the 
container, which (provided no peritectic was 
encountered) can be chemically separated 
and analyzed to determine the composition of 
the primary phase. It is advisable after the 
chemical separation to examine the pieces of 
constituent under the microscope and select 
enough well-formed, clean particles for the 
chemical analysis. 

I would also like to call attention to the 
method of plotting the solubility curve (the 

* Department of Metallurgy, Carnegie 
Institute of Technology. 

t Aluminum Research Laboratories. 
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reciprocal of the absolute temperature against 
the logarithm of the concentration). It is very 
useful. It has been mentioned a number of 
times in the literature, but it has not been used 
as much as it should be. Generally speaking, 
the solubility curves are straight lines when 
they are plotted this way. 

From the assumptions that are made in 
derivation of the equation one really would 
not expect straight lines as often as they are 
obtained. In our own work we suspect there 
is something wrong with the work if we do not 
get straight lines, and check the results 
thoroughly before we are willing to believe 
that the liquidus line is curved. 


Sometimes a curved line indicates the 
presence of one or more peritectics. If the 
points are taken close enough together it is 
possible to show definitely that the liquidus 
is a series of straight lines, and that the 
intersections of those lines determine the 
peritectic temperatures very closely. 

G. Edmunds (author's reply). — The methods 
of taking successive samples from a single 
melt, and of separating and analyzing the 
precipitate phase, both as discussed by Dr. 
Fink, have been employed on zinc alloys, 
but not for the particular cases reported in this 
paper. 



Rolled Zmc-tit6tDiuin Alloys 


By E. A. Anderson,* AIember, E. J. Boylp.*' and P. W Ramsey,* Junior Members A.I.M.E. 

(New York Meeting, February 1944) 


Only a few zinc-rich alloys are in 
commercial use today, and these depend 
largely upon solid solution effects for their 
desirable properties. Typical examples are 
rolled alloys containing about i per cent 
of copper, with or \rithout additions of 
elements such as magnesium,^ and die- 
casting alloys containing about 4 per cent 
of aluminum with small amounts of mag- 
nesium and sometimes copper.^ 

A number of elements are capable of 
forming alloys with zinc, which do not 
enter into solid solution except in limited 
degree. The present paper considers one 
such system, zinc-titanium, in which 
alloys having potentially useful properties 
in the rolled form were found. 


ZiNC-TITANIXJM SYSTEM 


The zinc-rich portion of the zinc- 
titanium diagram, as determined by 
standard methods in this laboratory,* is 
shown in Fig. i. 

The portion of the diagram of sig- 
nificance in the present work extends 
from o to about 0.5 per cent titanium, 
Gebhardt^ places the eutectic at 0.45 per 
cent, but the evidence in favor of the 
composition given in Fig. i is considerable. 

The solid solubility of titanium in 
zinc is very low indeed and possibly 
places these alloys in a somewhat differ- 
ent category from the commercial alloys 
previously mentioned. 


Manuscript received at the office of the 
Institute Nov. 30, 1943. Issued as T.P. 1687 in 
Metals Technology, February 1944. 

* Research Division, Technical Department, 
The New Jersey Zinc Co. (of Pa,), Palmerton, 


1 References are at the end of the paper. 


Alloy Preparation 

All of the alloys used in this work were 
prepared with titanium metal of 98.9 per 
cent purity. In most cases high-purity 
zinc (99.99 per cent) was used but suffi- 
cient work was done later to show that 
zinc of about high-grade composition 
would 3deld approximately equal results. 
Best practice in alloy manufacture seemed 
to be to prepare a zinc-titanium hardener 
by adding about 4 per cent of titanium 
metal to molten zinc and holding under a 
boric add cover, with frequent stirrings, 
at 7So®C. until the titanium had dissolved. 
The desired titanium content could readily 
be obtained in the final alloy by adding 
the calculated amount of this hardener. 
The alloys proved to be quite stable in 
composition, unless overheated, and, with 
reasonable temperature control, required 
no cover or flux to prevent loss of titanium 
content by oxidation. 

Hot-rolling Tests 

Three alloys containing, by analysis, 
0,05, 0.12, and 0.23 per cent titanium 
were selected for preliminary study. Slab 
cross sections revealed a marked grain 
refinement* (Fig. 2) in the two alloys of 
highest titanium content. Cast unalloyed 
zinc has a columnar grain structure 
similar to that shown for the alloy of 
lowest titanium content but without the 
scatter of small equiaxed grains at the 
center. 

* The presence and extent of this grain 
refinement was later found to be influenced 
by the presence of other elements, such as 
lead. No relationship between slab grain size 
and the properties of rolled strip was noted. 
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Fig. 2. — ^Effect of titanium on grain structure of cast zinc. X approx 
Top, o.os per cent Ti; middle, 0.12 per cent; bottom. 0.23 per cent. 
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ROLLED ZINC-TITANIUM ALLOYS 


These slabs were hot-rolled to 0.02 in. 
in a 1 2-in. diameter mill with a final coil 
temperature of about 200® C. The bars 
rolled easily and produced strip of good 
surface quality. 

The rolled product was subjected to 
the normal routine tests for mechanical 
properties, including determinations of 
creep rate. Typical properties are listed 
in Table i.* Included, for comparison, 
in this and many of the subsequent tables 
and figures are data for a typical solid 
solution type alloy, gg per cent Zn, i per 
cent Cu. 

The most interesting observations at 
this stage of the work lay in the creep 
data.f These are best seen in Fig. 3, 
where the inverse creep rates are plotted 
against stress on a log-log basis for a 
typical zinc-titanium alloy and the i per 
cent copper alloy. The difference in slope 
of the curves for the two alloys is striking. 
That this difference is inherent has been 
demonstrated by the fact that all of the 
many zinc-titanium alloys tested in this 
work as well as a series of zinc-iron alloys 
(a comparable system) gave test curves 
almost parallel to that shown here while 
several alloys of the solid solution type 
(zinc-cadmium, zinc-copper, zinc-manga- 
nese, etc.) gave test curves essentially 
parallel to that shown for the i per cent 
copper alloy. 


* With-grain tensile tests were made on 
specimens whose length lay in the rolling 
direction. In the with-grain bend tests, the 
axis of the bend lay in the rolling direction. 
Across-grain tests were made on specimens 90° 
from the rolling direction in the plane of the 
strip. In all subsequent tables and figures, 
only the with-grain direction is considered. 

t All creep tests in this work were made by 
dead weight loading, using the principles but 
not the apparatus discussed by J. Ruzicka.® 
In most cases testing was at constant room 
temperature (25°C.). Creep rates are presented 
on an inverse scale as days per per cent elonga- 
tion in order that the more creep-resistant 
materials may be represented by the larger 
values. In general, zinc materials in a reason- 
able stress range tend to produce straight lines 
when log stress is plotted against log inverse 
creep rate, but the relationship must not be 
taken for granted. 
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Fig. 3. — ^Log stress vs. log inverse creep rate eor 0.12 per cent TiTANnnt zinc and i per 

CENT COPPER ZINC. 



Fig. 4. — Coil temperature vs. inverse creep rate por zinc-titanium alloy. 
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The effect of the difference in slope is 
to place the zinc-titanium alloy in a 
position of increasingly superior creep 
resistance as the stress is decreased. The 
validity of extrapolations to very low 
stresses may be questioned, but the few 
data available indicate that the extrapola- 
tion is on the safe side for the zinc-titanium 
alloys. 

Effect of Rolling Temperature 

In the early stages of this work, it 
w’as observed that relatively wide varia- 
tions in creep rate at a given stress seemed 
to correlate with the temperature of 
rolling. This correlation was verified in a 
series of tests on a single alloy (o.ii per 
cent Ti) which was rolled to final gauge 
with a range of final coil temperatures. 
The data are plotted in Fig. 4. 

Selection of Alloys for Continued 
Work 

In order to permit a wider range of 
conditions of rolling, heat-treatment, test- 
ing, and so forth, to be considered, it was 
desirable to reduce the alloys under 
consideration to one composition. The 
choice was made of the alloy containing 
o.io to 0.15 per cent titanium with a 
nominal 0.12 per cent titanium. This, 
it will be recognized, is the composition 
of the eutectic and is the highest titanium 
content that will permit freedom from 
relatively coarse zinc-titanium compound 
particles. All experiments referred to in 
the remainder of the paper were carried 
out with this alloy. 

Effect of Rolling Conditions on 
Properties 

The hot-rolled alloy had properties of 
interest (Table i). It fabricated well but 
fell slightly short of the commercial zinc 
alloys in drawing properties. It was 
found that a final 50 per cent cold-rolling 
would cause sufficiently better drawing 
properties to make the alloy of commercial 


interest. As will be discussed later in the 
paper, the decrease in creep resistance 
brought about by this cold-rolling could 
be overcome by subsequent annealing. 
The effect of this rolling treatment on the 
properties may be seen in Table 2. 


Table 2. — Mechanical Properties of Zinc- 
titanium Alloy as Influenced by Rolling 
Treatment 


Alloy® 

Rolled 

Scler- 

oscope 

Hard- 

ness 

Tensile 
Strength, 
Lb. per 
Sq. In. 

Elon- 

gation, 

Per 

Cent 

Inverse 
Creep 
Rate 
8000 
Lb. per 
Sq. In., 
Days per 
Per Cent 

Zn-Ti 

Hot 

21 

19.700 

34 

100 

Zn-Ti 

Cold 

IS 

17.900 

39 

I 2 

Zn-i % Cu 

Hot 

17 

23,700 

35 

I 9 

Zn-i % Cu 

Cold 

2S 

28,000 

S 4 

2 3 


« Zn-Ti alloy, $0 per cent cold final reduction; 
Zn-Cu alloy, 20 per cent. 


The data in Table 2 reveal the unusual 
effect in the zinc-titanium alloy of cold- 
. rolling effecting a softening and weakening 
as compared with hot-rolled material. 
The work-hardening revealed in the i per 
cent copper alloy is, of course, the normal 
experience. The softening effect in the 
zinc-titanium alloys is reproducible, as 
are the interesting microstructures shown 
in Figs. 5 and 6. 

Photomicrographs of the hot and cold- 
rolled I per cent copper alloy (Figs. 7 
and 8) show the former to be well re- 
crystalHzed and the latter to be cold- 
worked. The zinc-titanium alloy, on the 
other hand, appears free of cold-working 
in the cold-rolled state, an observation 
that is consistent with the properties 
obtained. 

Redraw tests showed that as many as 
four redraws could be made without inter- 
mediate anneals and with at least 95 per 
cent recovery. This again is consistent 
with the evidence that this type of alloy 
does not work-harden. 

Basal-plane pole figures of the two alloys 
in the cold-rolled condition are shown in 
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Figs. 9 and 10. The i per cent copper 
alloy used in this case contained also 
0.0 1 per cent magnesium. 

The orientations shown in Fig. 10 are 


properties has not been fully evaluated 
as yet, but no strong connection seems 
evident. The orientation effect also ap- 
peared in hot-rolled zinc-titanium alloyTS 


- 



Fig. 5.— Zinc-titanium alloy, hot-rolled. X 200. 

Fig. 6 .-— Zinc-titanium alloy, cold-rolled. X 200. 

Fig. 7.— Zinc and one per cent copper, hot-rolled. X 200. 

Fig. 8 . — Zinc and one per cent copper, cold-rolled. X 200 . 

and was not removed for any rolling treat- 
ment by subsequent annealing. 

Efpects op Annealing 

Contrary to experience with zinc, the 
zinc-titanium alloy has been found not 
to grow excessively large grains when 


normal for zinc materials. The appearance 
of a high population of basal planes normal 
to the rolling plane and lying in the rolling 
direction (Fig. 9) is unusual and has 
never before been seen in this laboratory 
in zinc. The significance of this orientation 
texture in terms of directionality of 
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annealed (see Figs, ii and 12). Anneals 
up to 24 hr. duration at temperatures 
up to 400®C. failed to produce grain 


are not harmed by annealing and, most 
important, the high creep resistance 
noted in the hot-rolled alloy that was 



Fig. 9. Fig. 10. 

Fig. 9. — Basal-plane pole figure for ziNC-0.12 per cent titanium alloy cold-rolled. 
Plane of projection is rolling plane. 

Fig. 10. — Basal-plane pole figure for one per cent copper, 0.0 i per cent magnesium alloy 

cold-rolled. 

Plane of projection is rolling plane. 



Fig. II. Fig. 12. 

Fig. II.— Zinc-titanium alloy, 50 per cent cold reduction. X 200. 

Fig. 12. — ^Zinc-titanium alloy 50 per cent cold reduction followed by anneal of five 
minutes at 275®C. in oil. X 200. 

structures substantially coarser than that sharply reduced by cold-working was 
shown in Fig. 12. Further, it has been found to be largely restored by suitable 
found that ductility and other properties heat-treatment (Table 3). 
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The improvement in creep resistance 
of the zinc-titanium alloy due to the 
annealing treatment and the small decrease 
in the zinc-copper alloy are of interest. 

Annealing experiments involving a range 


cold-worked fabricated articles. It was 
of some interest, therefore, to explore 
the extent of changes due to annealing in 
specimens representing the actual fabri- 
cated piece. 



Fig. 13. — ErrECT of annealing temperature and time on creep resistance op rolled 0.12 
PER cent titanium ALLOY AT STRESS OP 12,000 POUNDS PER SQUARE INCH. 


of times and temperatures indicate that 
much larger improvements in creep resist- 


Table 3. — Efect of Annealing for Five 
Minutes at 275°C. on Properties of Cold- 
rolled Zinc-Htanium AUoy 



Tensile 



Inverse 
Creep Rate — 


Strength, 

Elongation, 

8000 Lb. per 

AUoy 

Lb. 

Sq. 


Per Cent 

Sq. In., 
Days per 
Per Cent 


As 

An- 

As 

An- 

As 

An- 


RoUed 

nealed 

Rolled 

nealed 

Rolled 

nealed 

Zn-Ti 

17,900 

18,500 

39 

40 

1.2 

36 

Zn-i % Cu 

28,000 

20,400 

54 

49 

2 3 

0 95 


ance are possible by the use of lower 
annealing temperatures (Fig. 13). 

Creep Tests on Specimens Cut prom 
Drawn Cups 

It was realized that the decrease in 
creep resistance resulting from cold-rolling 
must also occur in drawn or otherwise 


For the purpose, first-draw and redraw 
cups were available in sizes permitting 


Table 4. — Creep-resistance Data on Speci- 
mens Cut from First-redraw Cups, 

8000 Pounds per Square Inch 


AUoy 

Condition 

Inverse Creep Rate, 
Days per Per Cent, 
Pirst-redraw Cups 

Zn-Ti 

As drawn 

4 3 

Zn-Ti 

5 noin. at 275*’C. 

140 

Zn-Cu 

As drawn 

0.18 

Zn-Cu 

5 min. at 275 ®C. 

2.2 


the cutting of circumferential specimens of 
standard size. In the early tests, specimens 
were cut to include, separately, the original 
rolling direction and the original transverse 
direction in the test section. Since the 
original grain direction seemed to have 
only limited influence on the creep resist- 
ance of drawn cups, all of the later work 
was done with specimens having the 
original rolling direction in the test area. * 
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Tests of this sort furnished results 
(Table 4) confirming those obtained on 
strip; that is, low creep resistance as 
cold- worked and an important improve- 
ment when annealed. It seems quite 
feasible to produce formed articles of 
good creep resistance from these zinc- 
titanium alloys by using cold-rolled strip 
to facilitate drawing and relying on a 
final heat-treatment to attain maximum 
creep resistance. 

Stability of Properties on Aging 

Some of the curves in Fig. 13 show a 
decrease in creep resistance with time at 
annealing temperature after an initial 
peak has been reached. This observation 
caused some concern about the retention 
of maximum creep resistance during 
room-temperature and elevated-tempera- 
ture service aging. Tests to explore this 
are being carried out on cold-rolled strip, 
annealed 5 min. at 275^0. Included in 
these tests are creep determinations at 
3000 lb. per sq. in. stress at i5o°C. The 
data to date are compiled in Table 5. 


Table 5. — Creep and Aghig Tests at Meoated 
Temperature on Zinc-titanium Alloy 


Aging Treatment 

Inverse Creep Rate, 
Days per Per Cent 

Test at 
3 S®C., 
12,000 Lb. 
per Sq. In. 

Test at 
1S0®C.. 
3000 Lb. 
per Sq. In. 

None® 

0 36 

4 . 7 S 

1000 hr. at iso®C . ... 

0 52 

5.74 

1000 hr. at ioo®C 

0.62 

4.91 

I yr. at room temperature . . 

0.23 

5 40 


a Initially cold-rolled and annealed s min. at 27S®C. 


Any aging effect taking place during the 
tests to date is of insignificant consequence. 

Discussion of Results 

The writers have no final theory to 
offer in explanation for the observed 
results cited in the paper. The restricted 
grain growth during annealing probably 


is caused by interference of zinc-titanium 
compound particles rolled out into more 
or less continuous streaks. The peculiar 
brick- wall-like structure shown in Fig. 12 
seems to be a result of this rolling. 

The creep data, on the other hand, 
seem inexplicable at this time. One might 
hypothesize that the higher creep resist- 
ances produced by hotter rolling (Fig. 4) 
are associated with increased titanium 
in solid solution. This would explain also 
the loss in creep resistance during cold- 
rolling, which would be expected to dis- 
charge the titanium from solid solution. 
Likewise, resolution of titanium might 
be advanced to explain the improvement 
brought about by subsequent annealing. 

This line of approach fails, however, 
to explain why the highest creep values 
were obtained at intermediate annealing 
temperatures (see Fig. 13) or why some 
of these time-temperature curves show 
maxima. A possible explanation might 
lie in a combination of solid solution 
stiffening of the zinc lattice with variable 
additional slip resistance by streaks of 
compound particles. Long annealing at 
higher temperatures might well cause 
sufficient coalescence of the compound 
particles to account for the decreases 
subsequent to the maxima in Fig. 13. 
The writers are unwilling to accept this 
explanation at this time. 
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DISCUSSION 

{John Riizicka presiding^ 

W. L. Fink,* New Kensington, Pa. — I 
wonder if the author has made an effort to 
correlate creep with grain size in these samples. 
The grain size plays such an important part 
in determining the creep rate in other alloy 
systems that I w^ould suspect that it might 
have the same effect here 

J. R. DAESEN.t Hammond, Ind. — The 
improved creep resistance of zinc containing 
titanium discussed by the authors has been 
previously shown (John R Daesen Patent 
No. 231 7 179, issued AprU 20, 1943) to be 
effective in zinc containing copper, in which 
alloys the improved creep resistance is accom- 
panied by much greater strength and hardness 
than is caused by additions to zinc alone. 

Similar improved creep resistances occurring 
at higher heat-treating temperatures are 
there shown to result from additions of higher- 
melting-point metals, which, like titanium, 
are sparingly soluble in the zinc-copper alloy. 

E. A. Anderson (author’s reply). — ^The 
point that Dr. Fink has raised is an excellent 
one. It is not one in which we have done any 
great amount of work. I regard it as rather 
significant, however, that the very coarse- 
grained structures obtained on the cold-rolled 
material subsequently annealed; that is, rela- 
tively coarse structures give superior creep 
resistance. 

My own belief is that the matter is more 
fundamental than we appreciate, that nothing 
is known of the mechanism by which zinc 
creeps, and my suspicion is that this is indeed 
some type of combination of fact in which the 

* Aluminum Research Laboratories. 

t Assistant Plant Manager, Metals Refining 
Co. Division of The Glidden Company. 


grain-growth restriction and inhibition of 
free motion, by the stringers of compound 
particles, contributes, together with matters 
fundamental to the relatively pure grain 
between the stringers, to produce these effects. 
But I would not argue on any theory that can 
be presented now. We are 'woefully short on 
facts. 

Mr. Daesen’s discussion is welcome. I 
doubt whether there is any answer we can give. 
It is simply a factual presentation of some 
information. 

J. S. Smart, Jr.* Barber, N. J.— Aside from 
the important factor of grain size, the authors 
have proposed that an increase in creep 
resistance is the result of the solution of a 
precipitated phase. With most metals the 
reverse is generally true. Have the authors 
considered the very likely possibility that 
during the stage where they are postulating 
solution of the precipitate they are actually 
obtaining precipitation, and that the increase 
in creep resistance may be due to the formation 
of this precipitate? 

E. A. Anderson. — For zinc alloys of any 
importance the story so far has been one 
almost exclusively of solid solution. For 
example, in the die-casting alloys the addition 
of one per cent copper, which is essentially 
in solid solution, makes a real increase in the 
creep increase of the copper-free alloys, and 
there are many such illustrations. 

I think Mr. Smart has touched on something 
on which we may think out loud for a moment 
— ^it might be a key to this thing — that is, the 
possibility that we have had precipitation- 
hardening within the grains. Such an effect 
could account for the maximum found in our 
time vs temperature curves. It is a very 
plausible line of attack. 

* American Smelting and Refining Company. 



The Structure of Anodic Oxide Coatings 

By J. D. Edwards* and F. Keller* 

(New York Meeting, February 1944) 


The anodic treatment of aluminum pre- 
sents problems of scientific as well as of 
commercial interest.^"^ Of particular inter- 
est is the fact that, during the anodic 
oxidation process, the oxide continues to 
form at the metal-oxide interface under any 
oxide pre\dously formed. This has led to 
speculation as to the mechanism involved 
in the formation of the relatively thick 
oxide coatings that are used commercially 
for decorative or protective purposes. 
Furthermore, the ability of certain types of 
oxide coatings to adsorb dyes and other 
substances has stimulated research to 
determine the actual structure of these 
adsorptive coatings. 

It has been found that anodic oxide coat- 
ings on aluminum are composed essentially 
of aluminum oxide. They are formed by the 
action of oxygen ions penetrating to the 
metal surface during the electrolytic 
oxidation treatment. These coatings can be 
formed in a number of different electrolytes, 
as for example, those which contain sul- 
phuric acid, chromic acid, oxalic acid, or 
boric acid. These are the commonest and 
most useful electrolytes employed com- 
mercially. Except for certain specific 
conditions of formation, the coatings in 
general have been found to be amorphous 
alumina, as far as can be determined by 
X-ray or electron-diffraction methods. 

Manuscript received at the office of the 
Institute Dec. 20, 1943* Issued as T.P. 1710 in 
Metals Technology, April 1944. 

* Aluminum Research Laboratories, Alumi- 
num Company of America, New Kensington, 
Pennsylvania. 

1 References are at the end of the paper. 

28S 


Anodic oxidation processes can be ar- 
ranged in three rather general classes if they 
are grouped in relation to the solvent action 
of the electrolyte on the coating.^ In the 
first class, the electrolyte has little or no 
solvent action on the coating that is formed. 
In general, coatings produced under such 
circumstances are nonporous and non- 
adsorptive. In the second class, the electro- 
lyte exerts an appreciable solvent action on 
the coating. These coatings are porous and 
adsorptive. Finally, for the third class, the 
electrolyte tends to dissolve the coating 
about as rapidly as it is formed. This action 
produces electrolytic brightening or anodic 
polishing of the aluminum surface and at 
most leaves only a very thin film of oxide. 

The nonporous and nonadsorptive type 
of oxide film is represented by the coatings 
that are formed when solutions of boric 
acid are employed as the electrol3^e. It is 
especially significant that these impervious 
films are formed in electrolytes that exert 
little or no solvent action on the coating. 
Where a boric acid electrolyte is used, the 
coating tends to form rapidly, with the 
result that the flow of current is soon 
reduced to substantially zero. This indi- 
cates that the growth of the coating has 
stopped. As a rule, the thickness of the 
coating is roughly proportional to the volt- 
age employed for formation and the 
coatings of this type are exceedingly thin. 
In an electrolyte of this type, the coating 
has a high resistance when the aluminum 
is made anode; consequently, any current 
that may flow (leakage current) is very 
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small. Should the aluminum be made 
cathode, however, a substantial flow of 
current would occur. This asymmetric 
character of this type of oxide coating is 
utilized in electrolytic condensers and 
rectifiers. Several theories have been 
advanced to account for the unique elec- 
trical characteristics of these coatings, but 
these theories are beyond the scope of this 
paper. 

Whereas the growth of a coating formed 
in an electrolyte containing boric acid stops 
when a definite thickness related to the 
voltage is reached, coatings made in some 
other electrolytes — for example, those con- 
taining sulphuric, oxalic or chromic acid — 
continue to increase in thickness as long as a 
suitable electrical potential is applied. 
Commercial oxide coatings formed in these 
electrolytes ordinarily range about 2 to 
i 6 iu in thickness. In contradistinction to the 
impervious type of coating, the coatings 
formed in the electrolytes in which the oxide 
has an appreciable solubility are definitely 
porous in character. 

The existence of such pores and their 
size, shape and distribution have been the 
subject of much speculative discussion. 
It seems fairly certain, however, that pores 
play an important role in the formation, 
continued growth, and many other char- 
acteristics of coatings of this type. It is 
considered that the ability of these coatings 
to increase in thickness must depend upon 
the presence of pores of some type to carry 
the electrolyte from the surface of the coat- 
ing close to the oxide-metal interface, so as 
to permit the continued passage of current. 
Furthermore, the fact that these coatings 
will adsorb dye and become colored through- 
out is visual evidence of a porous structure. 

Rummel* has estimated that the pore 
diameter in these oxide coatings is approxi- 
mately o.iju. If this value is correct, the 
pores could not be detected by microscopic 
examination, since the limit of resolving 
power is about 0.2/1. Despite this fact, how- 
ever, it has been possible by the develop- 


ment of several new metallographic methods 
to obtain some evidence as to the character 
of the structure of these anodic coatings by 
the use of the optical microscope. 
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Fig. I — Cross sections op samples that 

SHOW STEP BY STEP PORMATION OP A CON- 
TINUOUS OXIDE COATING PROM A SERIES OP 
ARTIPICIAL PORES SPACED lO/i APART. X 250. 

Oxide Films as Seen Through the 
Optical Microscope 

By the use of these new methods, it has 
been possible to show in cross sections (Fig. 
i) a step by step development of a con- 
tinuous anodic coating from a series of 
artificial pores spaced about lo/i apart. 
The dark segments in the photomicrographs 
are cross sections of the growing oxide. The 
bottoms of these segments are roughly dr- 






The Structure of Anodic Oxide Coatings 


By J. D. Edwakds* and F. Keuek* 
(New York Meeting, February 1944) 


The anodic treatment of aluminum pre- 
sents problems of scientific as well as of 
commercial interest.^"’ Of particular inter- 
est is the fact that, during the anodic 
oxidation process, the oxide continues to 
form at the metal-oxide interface under any 
oxide previously formed. This has led to 
speculation as to the mechanism involved 
in the formation of the relatively thick 
oxide coatings that are used commercially 
for decorative or protective purposes. 
Furthermore, the ability of certain types of 
oxide coatings to adsorb dyes and other 
substances has stimulated research to 
determine the actual structure of these 
adsorptive coatings. 

It has been found that anodic oxide coat- 
ings on aluminum are composed essentially 
of aluminum oxide. They are formed by the 
action of oxygen ions penetrating to the 
metal surface during the electrolytic 
oxidation treatment. These coatings can be 
formed in a number of different electrolytes, 
as for example, those which contain sul- 
phuric acid, chromic add, oxalic add, or 
boric add. These are the commonest and 
most useful electrolytes employed com- 
merdally. Except for certain specific 
conditions of formation, the coatings in 
general have been found to be amorphous 
alumina, as far as can be determined by 
X-ray or electron-diffraction methods. 

Manuscript received at the o£Ece of the 
Institute Dec. 20 , 1943. Issued as T.P. 1710 in 
Metals Technology, April 1944. 

* Aluminum Research Laboratories, Alumi- 
num Company of America, New Kensington, 
Pennsylvania. 

^ References are at the end of the paper. 


Anodic oxidation processes can be ar- 
ranged in three rather general dasses if they 
are grouped in rdation to the solvent action 
of the electrolyte on the coating.^ In the 
first dass, the electrolyte has little or no 
solvent action on the coating that is formed. 
In general, coatings produced under such 
circumstances are nonporous and non- 
adsorptive. In the second dass, the electro- 
Isrte exerts an appredable solvent action on 
the coating. These coatings are porous and 
adsorptive. Finally, for the third dass, the 
electrolyte tends to dissolve the coating 
about as rapidly as it is formed. This action 
produces electrolytic brightening or anodic 
polishing of the aluminum surface and at 
most leaves only a very thin film of oxide. 

The nonporous and nonadsorptive type 
of onde film is represented by the coatings 
that are formed when solutions of boric 
add are employed as the electrol3rte. It is 
espedaJly significant that these impervious 
films are formed in electrolytes that exert 
little or no solvent action on the coating. 
Where a boric add electrol5d:e is used, the 
coating tends to form rapidly, with the 
result that the flow of cunent is soon 
reduced to substantially zero. This indi- 
cates that the growth of the coating has 
stopped. As a rule, the thickness of the 
coating is roughly proportional to the volt- 
age employed for formation and the 
coatings of this type are exceedingly thin. 
In an electrolyte of this type, the coating 
has a high resistance when the aluminum 
is made anode; consequently, any current 
that may flow (leakage current) is very 



J. D. EDWARDS AND F. EFILLER 


small. Should the aluminum be made 
cathode, however, a substantial flow of 
current would occur. This asy mm fttnr. 
character of this type of oxide coating is 
utilized in electrolytic condensers and 
rectifiers. Several theories have been 
advanced to account for the unique elec- 
trical characteristics of these coatings, but 
these theories are beyond the scope of this 
paper. 

Whereas the growth of a coating formed 
in an electrolyte containing boric add stops 
when a definite thickness related to the 
voltage is reached, coatings made in some 
other electrolytes — for example, those con- 
taining sulphuric, oxalic or chromic acid — 
continue to increase in thickness as long as a 
suitable electrical potential is applied. 
Commerdal oxide coatings formed in these 
electrolytes ordinarily range about 2 to 
161JL in thickness. In contradistinction to the 
impervious type of coating, the coatings 
formed in the electrolytes in which the oxide 
has an appredable solubility are definitely 
porous in character. 

The existence of such pores and their 
size, shape and distribution have been the 
subject of much speculative discussion. 
It seems fairly certain, however, that pores 
play an important role in the formation, 
continued growth, and many other char- 
acteristics of coatings of this t3q)e. It is 
considered that the ability of these coatings 
to increase in thickness must depend upon 
the presence of pores of some t3q)e to carry 
the electrolyte from the surface of the coat- 
ing close to the oxide-metal interface, so as 
to permit the continued passage of current. 
Furthermore, the fact that these coatings 
will adsorb dye and become colored through- 
out is visual evidence of a porous structure. 

Rummel® has estimated that the pore 
diameter in these oxide coatings is approxi- 
mately o.ijLt. If this value is correct, the 
pores could not be detected by microscopic 
examination, since the limit of resolving 
power is about o.z/x. Despite this fact, how- 
ever, it has been possible by the develop- 
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ment of several newmetallographic methods 
to obtain some evidence as to the character 
of the structure of these anodic coatings by 
the use of the optical microscope. 
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Fig. I. — Cross sections op samples that 

SHOW STEP BY STEP PORMATION OP A CON- 
TINUOUS OXIDE COATING PROM A SERIES OP 
ARTIPICIAL PORES SPACED lOjLt APART. X 250. 

Oxide Films as Seen Through the 
Optical Microscope 

By the use of these new methods, it has 
been possible to show in cross sections (Fig. 
i) a step by step development of a con- 
tinuous anodic coating from a series of 
artificial pores spaced about io/a apart. 
The dark segments in the photomicrographs 
are cross sections of the growing oxide. The 
bottoms of these segments are roughly cir- 
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cular in contour and the pore center or 
centers are at the center of this circle. 
Growth of the oxide apparently has taken 
place radially from this center. The tops of 



Fig. 2. — Surface section of sample 

SHOWING BANDS (dARK) OP OXIDE FORMED AT 
BASE OP CREVICES MADE IN ORIGINAL IMPER- 
VIOUS OXIDE COATING BY BENDING SHEET. 

X 500* 

these oxide segments are not flat but are 
rounded and stand out in relief above the 
adjacent original metal surface. With 
continued passage of current, it is evident 
that the segments increase in both depth 
and diameter, with the ultimate result that 
they meet and merge into a continuous 
coating with a scalloped contom: at the 
metal-oxide interface. This is shown in Fig. 
I by the cross section of the sample that had 
been anodically treated for 90 min. After 
the 120-min. treatment, both surfaces of 
this oxide coating appear relatively smooth 
and straight. This series of photomicro- 
graphs, therefore, is presented as synthetic 
evidence of the way in which a continuous 
oxide coating of substantially uniform 
thickness can grow from a multitude of 
isolated pore centers. 


The artificial pores mentioned in the 
preceding paragraph were formed in the 
following manner: 

A sample of high-purity aluminum sheet 



ALUMINUM 


Fig. 3.— Cross section op sample shown in 
Fig. 2. X 1000. 

The segments of oxide that grew from the 
artificial pores show evidence of a structure 
radiating from each pore center. 

(99.95 per cent Al) was first anodically 
treated in an electrolyte containing boric 
acid and borax, to form a thin oxide coating 
on the surfaces of the sample. This coated 
sample was then bent sharply by shearing 
with a pair of tin snips. The sharp bending 
caused the coating to craze near the sheared 
edges; that is, a series of very fine cracks 
developed in the coating parallel to the 
sheared edge. When this sample was subse- 
quently immersed in an electrolyte con- 
taining sulphuric acid, and a suitable 
electrolytic potential was applied, the 
electrolyte penetrated the fine cracks in the 
coating and caused the growth of a small 
segment of oxide at the base of each of the 
cracks or linear artificial pores. A surface 
or plan view of the conformation of the 
oxide at the base of the cracks in the 
original oxide coating is shown in Fig. 2. 

From the results obtained by this pro- 
cedure, it is obvious that the impervious 
film applied first was sufl 5 .ciently inert in the 
sulphuric acid electrolyte at the tempera- 
ture employed for the second anodic treat- 
ment that it remained unattacked and 
acted as a stop-off. Thus, the oxidation in 
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the sulphuric acid electrolyte was limited 
to the area at the base of the cracks. Under 
ordinary conditions of formation of oxide 
coating, it is thought that the oxide would 


could be revealed by the microscope, was 
first disclosed by Rummel. He published 
photomicrographs showing sections of 
fractured oxide coatings that had distinct 



Fig. 4. — Structural details in oxide segments at higher magnification. 

Original magnification 2500; reduced about in reproduction. 

Attention is directed to the light and dark bands and to the profile at the metal-oxide interface. 


begin to form at points or on small circular 
areas on the metal instead of along lines. 
Thus the oxide formation would proceed 
along a hemispherical front rather than on a 
circular or cylindrical front as is shown. The 
oxide coatings on the specimens used for 
Figs. I and 2 were impregnated with potas- 
sium dichromate, to give them increased 
contrast of detail in the photographic 
reproduction. 

The fact that anodic coatings might 
have a fine structure, some details of which 


striations perpendicular to the coated metal 
surface. These striations were observed in 
coatings formed in oxalic add but not in 
coatings formed in sulphuric add electro- 
lyte. Bauman® considered that this was 
caused by a doser spadng of the pores 
and a finer structure in the latter coatings. 

G. W. Wilcox, working at Aluminum 
Research Laboratories, found that by 
impregnating the porous odde coating 
with potassium dichromate before pre- 
paring the usual polished cross sections 
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for examination, and then by employing consist of two layers — an upper layer, 
an etching treatment after polishing, it was dark and without visible structure, and a 
possible to develop a considerable amount lower layer next to the metal, which shows 
of detail in the oxide coating. The struc- alternate light and dark bands more or 



Fig. 5. — Cross section or oxide coating formed in sulphuric acid electrolyte by normal 

ANODIC treatment. X 2 $00. 

The light and dark bands are normal to the sheet surface. The upper part of the oxide coating 
was rounded slightly in polishing; therefore, it is out of focus. 

tural characteristics of such a section less radially disposed toward the centers 
after etching are shown by Fig. 3. This from which growth started. Closer exam- 
photomicrograph shows several of the ination reveals further details, such as 
segments grown through artificial pores, small oval or circular markings in the area 
The details of the structure of these seg- near the upper zone and in other areas, 
ments have been brought out by impregna- Near the oxide-metal interface, a darker 
tion with potassium dichromate followed band is evident. Just beneath this band, 
by etching in an 0.5 per cent hydrofluoric there appears a delicate tracery, which 
add solution, and are shown by Fig. 4. reveals the contour of the advandng oxide 
The oxide coating in Fig. 4 appears to front. This is the location of the barrier 
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layer where the significant growth processes 
are taking place, but this layer is too thin 
to be resolved by the optical microscope. 
These and other details in the micro- 


count of the dark bands in this photo- 
micrograph shows that there are approxi- 
mately 10,700 of these bands per centimeter 
at natural size. On a plane parallel to the 



Fig. 6. — Surface of alxjminijm sheet anodically coated in sulphuric acid electrolyte for 

20 SECONDS AND THEN ETCHED TO REMOVE THINNER PARTS OF OXIDE COATING X 2500. 
White spots are remaining areas of oxide; dark portions are bare aluminum surface. Dark-field 
illumination. 


Structure developed by etching require 
interpretation, which at times may be 
highly Speculative. 

Considering the bands shown in the 
oxide coating, the conclusion might be 
drawn that they indicate the pores through 
which the electrolyte penetrated and which 
subsequently were stained by impregna- 
tion with dichromate solution. A single 
band, however, does not necessarily repre- 
sent a single pore. These bands appeared 
to be about 0.2 to 0.5/z wide. This same type 
of banded structure was observed on a 
sample that had received a 60-min. treat- 
ment in a sulphuric add electrolyte, as 
shown in Fig. 5. On this sample, the 
oxide coating was formed in the normal 
manner instead of from artifidal pores. 
The bands, as would be expected, are 
normal to the surface of the sheet. This 
coating also is composed of two zones. A 


metal surface, at right angles to the axis 
of these bands, approximately 10,700^ or 
1 14 X 10® bands would be intercepted per 
square centimeter. 

It is interesting to compare some of the 
details of Fig. 5 with those of the surface 
section shown in Fig. 6, which is in a 
plane at right angles to that of Fig. 5. 
This section was prepared by polishing 
the surface of a piece of high-purity 
aluminum sheet by metallographic meth- 
ods and then subjecting it to an anodic 
oxidation treatment for 20 sec. in a 
sulphuric add electrolyte. This led to the 
formation of an oxide coating on the 
polished surface, of an estimated thickness 
of o.i/x. Subsequent etching of this coated 
surface with a dilute hydrofluoric add 
solution produced the results shown. The 
small white areas probably are the oxide 
coating remaining after the etching treat- 
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ment. The dark background is the metal order of magnitude as the number of bands 
from which most of the oxide has been calculated from the examination of the 
dissolved. Apparently the oxide coating cross section of the oxide coating shown in 
produced by the 20-sec. treatment was not Fig. 5. These bands will be discussed 




Fig. 7. — Surface SECxion of oxide coating 
FORMED IN sulphuric ACID ELECTROLYTE ON 
HCGH-PURITY ALUMINUM: SHEET. X lOOO. 

The structure is caused by solvent action 
of the electrolyte. 

uniform in thickness. The areas remaining, 
therefore, are most likely the thicker parts 
of the oxide film. They are assumed to be 
the centers from which the coating started, 
by breakdown of the original natural oxide 



Fig. 8.— Section of oxide coating on same 
SAMPLE AS Fig. 7 polished at an angle of 
45® TO SURFACE OF SHEET. X lOOO. 

'Hie structures in the oxide are evident. 
Oxide-metal interface is at bottom. 

coating. An approximate count on this 
sample gives the number of white spots 
as 96 X 10® per sq. cm. This is of the same 


Fig. 9. — Cross section of oxide coating on 
SAME sample as FiGS. 7 AND 8. X 1000. 

Light and dark bands normal to sheet sur- 
face. Oxide-metal interface at bottom. Upper 
portion of this coating is out of focus because 
coating was slightly rounded in polishing. 

again in the light of evidence obtained 
with the electron microscope. 

The structure of the oxide coating shown 
in Fig. 4 is especially interesting. It 
appears to have a cellular structure com- 
posed of walls of oxide surrounding the 
pores or, what is more likely, groups of 
pores. The structure of the oxide near the 
surface, however, has been altered some- 
what by the solvent action of the electro- 
lyte. Partial solution of the walls of the 
oxide tubes has produced a spongelike 
structure. Further illustrations of the 
variations in structure from the surface 
of the oxide to the interface are included 
as Figs. 7 to 9. The first of these figures 
shows the structure of the oxide coating 
as observed on a surface section. The next 
shows the two t3q)es of structure developed 
in a cross section that was polished on a 
plane at an angle of 45® to the surface, and 
shows clearly the alteration of the outer 
portion of the coating. Fig. 9 shows the 
structure of a cross section polished on a 
plane perpendicular to the surface of the 
oxide. 
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Oxide Films as Viewkd the 
Electron Microscope 

Aluminum exposed to air acquires a 
natural oxide film that has been estimated 
to be of the order of o.oip in thickness. 
When aluminum is made anode in a 
suitable electrolyte and a suitable voltage 
is applied, this natural film breaks down 
and an anodic oxide film begins to grow 
immediately at a great many points on the 
surface. This new fiJm is believed to grow 
to a limiting thickness by the interchange 
of aluminum and oxygen ions across the 
film layer, until the barrier-layer thickness 
of about 0.03 to o.osjit is reached. In 
electrolytes in which this oxide film is not 
appreciably soluble, growth of the film 
ceases when the barrier-layer thickness is 
reached. For electrolytes in which the film 
is soluble, however, innumerable pores 
form in the outer face of the barrier layer 
by attack of the electrolyte and grow in 
depth as the barrier layer continues its 
growth into the metal. Thus the formation 
of relatively thick oxide films is the result 
of a continuation of this process, as long 
as the pores carry electrolyte to the barrier 
layer. 

Although the methods so far described 
give some indications of the fine structure 
of anodic oxide coatings, it has been shown 
that still finer details exist in these coatings, 
which are beyond the resolving power 
of the optical microscope. This was evident 
when thin oxide films were used to reveal 
the structure of metal specimens by means 
of the electron microscope. The method is 
to apply a thin anodic coating to the metal 
specimen, detach the oxide film and use it 
as a replica of the metal surface on which 
it formed. This thin replica is then exam- 
ined with the electron microscope. One 
requirement for an oxide film for this work 
is that it should not have a structure that 
will interfere with the observation of the 
microstructure of the metal sample. 

Investigation of the characteristics of 


oxide films for use as specimens for the 
electron microscope® showed that films 
that are insoluble in the electrol)d:es in 
which they are formed, and that stop 
growing when they reach the thickness 
of the barrier layer, do not show evidence 
of any structure, even at magnifications of 
60,000 diameters and higher. Films that 
continue to grow beyond the barrier-layer 
thickness, because they are soluble, do 
show a characteristic structure, and this 
structure appears to be dependent upon 
the composition and concentration of the 
electrolyte. 

Anodic films formed in ammonium 
borate or disodium phosphate electrolytes 
appear structureless when viewed with the 
electron microscope, whereas those formed 
in sulphuric, chromic, oxalic, and phos- 
phoric acid electrolytes show definite 
structures. The appearance of the struc- 
tures of several of these films is illus- 
trated by Figs. 10 to 12 inclusive. The pat- 
tern shown by these electron micrographs 
is strikingly similar to that shown in 
Fig. 6 but the structure is considerably 
finer. 

An example of the development of a 
structure in an oxide film formed on 
aluminum (99.75 per cent purity) in a 
sulphuric acid electrolyte is illustrated by 
the electron micrographs shown in Figs. 
13^ to 13d, inclusive. The films for these 
illustrations were formed by anodic oxi- 
dation for periods of 3, 5, 15 and 30 
sec., respectively. The coating shown in 
Fig. 13a, which was formed by a 3-sec. 
treatment, is representative of the barrier 
layer that is formed in this electrolyte. It 
does not show evidence of a structure in 
the coating. The coating from the sample 
treated for 5 sec. begins to show a structure, 
and those from the samples treated 15 and 
30 sec. show well-developed structures 
in the coatings. 

These coatings, which were from about 
0.03 to 0.07/i, were removed from the 
aluminum samples by immersing the coated 
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Fig. ro. One-min- 
ute treatment at 
7}i volts in 
per cent sulphuric 
acid electrolyte 


Fig. II. A 15- 
minute treatment at 
S volts in I per cent 
chromic add elec- 
trol3rte 


Fig. 12. A 5-min- 
ute treatment at 10 
volts in 2 per 
cent phosphoric add 
electrolyte 



Figs 10-12. — ^Eiectxon micrographs showing structures op oxide coatings about o.os/u 

IN THICXNESS FORMED ON HIGH-PURITY ALUMINUM SHEET. X 110,000. 
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electrolitte. X 30,000. 

'Til 3“Sccond coat^g. h. 5-second coating, c. 15-second coating, d. 30-second coating. 

TJie 3-second coating represents a barrier layer, which shows no structure; the others ea^bit a 
typical structure. 
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samples in a saturated solution of mercuric 
chloride for about 30 sec. and then in 
distilled water. Deposited mercury dis- 
solves the aluminum along the interface 
and undermines the oxide film. 


silica replica, which is used as the specimen 
for the electron microscope, is removed 
by dissolving the polystyrene with ethyl 
bromide. 

An electron micrograph of the cross 



Fig. 14. — Electron micrograph op polystyrene-silica replica op cross section op oxide 

COATING MADE IN 25 PER CENT SULPHURIC ACID ELECTROLYTE. X 35,000. 

The vertical lines are about o.odju apart near interface and probably indicate pore centers 
from which this coating formed on the aluminum. 


Since the structures of the various films 
were of the same type as that shown in 
Fig. 6 but of a much finer order, an attempt 
was made to obtain an electron photo- 
micrograph of a cross section of an oxide 
film like that shown by Fig. 5. To accom- 
plish this, a cross section of an oxide-coated 
sample, coated by the same anodic treat- 
ment as that given the specimen illustrated 
in Fig. 5, was polished and etched and a 
polyst3n:ene-silica replica was made of 
the cross section.® To make this replica, 
the polystyrene was molded against the 
prepared surface, then the polystyrene 
mold was pulled off. A film of silica was 
formed on this replica by evaporation. The 


section of the oxide coating formed in 
a 25 per cent sulphuric acid electrolyte 
is shown in Fig. 14. The structure is of 
the same general type as that shown by 
Figs. 5 and 9 but the details are consider- 
ably finer. The dark vertical bands in this 
specimen are spaced about 0.06// apart 
and probably indicate the location of 
pores from which the coating formed. It is 
significant also that these lines appear to 
get wider as they progress from the inter- 
face. This may be an indication of some 
solvent action of the electrolyte. It is 
probable that large pores form by the 
solution of thin walls between closely 
adjacent pores. The resolution at the oxide- 
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metal interface is not good, but there is a 
suggestion of the cupping action that has 
been mentioned previously. 


Summary 

The use of special metallographic tech- 
niques for revealing the structure of anodic 
oxide coatings on aluminum has been 
demonstrated. With these methods con- 
siderable information about the structure 
of an oxide coating and the manner of its 
formation can be obtained. Although a 
characteristic structure can be revealed 
in an oxide coating by microscopic exam- 
ination, it is evident that fine details — ^for 
example, pore size, pore spacing and 
profile at the metal-oxide interface — are 
beyond the resolving power of the optical 
microscope. 

Data regarding the fine structure of an 
oxide coating have been augmented by 
the use of an electron microscope, which 
has many times the resolving power of the 
optical microscope. Further research is 
contemplated in the application of the 
electron microscope and other means for 
revealing additional details on the structure 
of oxide coatings and the mechanism of 
their formation. 
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DISCUSSION 
{W. A. Dean presiding) 

C. S. Barrett,* Pittsburgh, Pa. — The 
striking thing about these optical and electron 
micrographs of the same coatings is the differ- 
ence in the scale of the structure that is 
revealed. All the markings in Figs. 10, ii, 
and 12 are too small to be correlated with 
the markings in the optical pictures such as 
Figs, s and 6, except for the hazy dark mark- 
ings one inch apart and upwards in Figs. 10 
and II. Could these be the dark bands of the 
optical pictures? 

F. Keller (author's reply). — The character 
of the bands shown by the optical microscope 
is not too definite because these bands may be 
associated with the stain that we use. Different 
thicknesses of cell walls or groups of cell 
walls might very well give the light and dark 
bands evident in the photomicrographs. 

We do not believe that the bands represent 
in their details the same structures shown by 
the electron micrographs. We do feel, however, 
that they represent regions where the pores 
that are shown in the electron micrographs 
exist. Considering the difference in mag- 
nification — the electron micrograph at 3o,oooX 
and the optical micrograph at 3,oooX — one 
dark band in the optical micrograph would 
include a considerable number of the lines 
that are shown in the electron micrograph. 
Each band, therefore, probably contains a 
group of pores rather than an individual pore; 
and if we are seeing individual pores at all they 
are shown only by the electron micrographs. 

* Metals Research Laboratory, Carnegie 
Institute of Technology. 
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Member. — Has Air. Keller anj' informa- 
tion on how these films develop in nitric acid 
and can he foresee any effects in commercial 
corrosion? 

F. Keller. — I would like to have Air. 
Edwards answer that question. 

J. D. Edwards. — The answer is largely 
negative, as nitric acid is not a satisfactorj" 
electrolyte for producing these thick oxide 
coatings. 

AIember. — Have you investigated the use 
of Alrok film by this procedure? 

F. Keller. — Xo, we have not. I don’t 
think that the films produced by the Alrok 
fnonelectrol3rtic process) would lend themselves 
to the technique that we have used here. 

AlEiiBER. — Have you had an opportunity 
to examine electroplates, and if so do they 
show any kind of structure? 

F. Keller. — ^You mean the electroplates 
that are produced by the process where an 
anodic coating is put on first and then the 
sample electroplated? 

AIember. — Yes. 

F. Keller. — ^We are working on that 
problem now. 

J. D. Edwards. — ^It might be interesting to 
have Air. Keller tell how many pores there 
are per square inch in these coatings. 


F. Keller. — The number of spots on the 
electron micrograph of the coating made 
with the sulphuric acid electrolyte was 2700 
per square micron; that would mean that 
there were 300,000,000,000 spots per sq. cm. 
and the number of spots on the coating made 
in the phosphoric acid electrolyte, the coarsest 
that was shown, was 500,000,000 per square 
centimeter. 

W. A. Dean,* Cleveland, Ohio. — Perhaps 
the authors can only make a guess at the 
answer to this question. We have been hearing 
about a new or super electron microscope. The 
talk is in terms of magnifications of 2,000,000 
dia. I wonder if the authors could ojffer us 
any encouragement for the use of such an 
instrument in the future to reveal even finer 
details than they have been able to show at the 
magnification of this last picture. 

F. Keller. — I can give you only a tentative 
answer. I do not think that at this time we 
should be concerned about these very high 
magnifications. We do not have suitable 
methods as yet to utilize the resolving power 
that we can get now. 

W. A. Dean. — ^This has meant a great deal 
of development of a technique which, as Mr, 
Keller has indicated, needs some perfecting 
even now. 


* Aluminum Company of America. 



The Present Status of Electrolytic Mangemese and Its Alloys 


By R. S. Dean,* Mei£ber A.I.M.E. 

(New York Meetingf, February X944) 


The coromerdal production of elec- 
trolytic manganese on a small scale com- 
menced in 1939. The writer made a short 
report on the progress of production and 
utilization in Mining and Metallurgy 
for January 1941. Progress during the last 
two years, naturally, has been more rapid. 

In June 1940, Congressman (now Sen- 
ator) Scrugham presented a proposal to 
Congress for an appropriation authorizing 
erection of a pilot plant for the production 
of metallic manganese by electrolytic or 
other means.” As a result of this, a pilot 
plant, having a capacity of a few hundred 
pounds per day was built at Boulder City, 
Nev. Subsequent appropriations permitted 
expansion of the plant to about a ton per 
day. 

Much has been learned in this plant 
about electrolytic manganese, and the 
product even in its small way has found 
war uses of considerable importance. 
Meanwhile, the Knoxville plant of the 
Electro Manganese Corporation, the sole 
commercial producer, was expanded to 
about 4 tons per day to supply needed ma- 
terial for the war program. Other proposals 
for commercial plants have not been 
favorably received by the War Production 
Board. The Bureau reported on one such 
proposal by the American Alloys and 
Chemical Corporation. 

Manuscript received at the office of the 
Institute Dec. i, 1943. Issued as T.P. 1731 in 
Metals Technology, June 1944. 

* Assistant Director, Bureau of Mines, U. S. 
Department of the Interior, Washington, D. C. 


Practice at Boulder City 

The present practice, as carried out at 
Boulder City, which is being described in 
more detail in a current paper by the 
Bureau staff at Boulder City, starts with a 
manganese dioxide ore containing about 20 
per cent manganese. Currently this ore 
comes from the Three Kids deposit near 
Las Vegas. The steps for the production of 
electrolytic manganese, in general, are as 
follows: 

1. The manganese in the ore is reduced 
to MnO. 

2. The MnO is dissolved from the ore in 
spent electrolyte, which contains about 38 
to 47 grams per liter of free sulphuric acid, 
135 grams per liter of ammonium sulphate, 
and 10 to 12 grams per liter of Mn as sul- 
phate. In the leaching step the manganese 
is built back up to 32 to 36 grams per liter 
of Mn as sulphate; the pH is adjusted to 
neutral by means of gaseous ammonia and 
passed through thickeners. 

3. The electrolyte is purified by adding 
H2S, which precipitates the heavy metals. 
After filtering, ferrous sulphate is added to 
the solution and oxidized with air and the 
solution is filtered and clarified on a precoat 
filter. 

4. The purified catholyte is electrolyzed 
in a diaphragm cell using stainless-steel 
cathodes and lead-silver anodes. The cur- 
rent density is about 45 amp. per sq. ft. 
Current efficiencies of 60 to 65 per cent are 
regularly obtained. 
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5. The brittle manganese is strippe'^ 
from the cathode by bending. The stripping 
efficiency, in good weeks, has reached Q4 or 
95 per cent. The average for a year has been 
82.5 per cent. Figs, i and 2 show the Boulder 
City cell room and the stripping operation. 

The re.Iuction step has been carried on 
satisfactorily in either a Skinner muffled- 
hearth furnace or a Traylor multitube 
furnace. With either, direct addition of oil 
is a satisfactory reducing agent. 

Important improvements have been 
made in the arrangement of diaphragms. 
Current practice is to place the anode in 
the diaphragm compartment. After trials 
of other materials, canvas has remained 
the preferred diaphragm material. 

The anodes of i per cent silver-lead gave 
good service, but have been replaced to 
some extent by an alloy of 98 per cent lead, 

1 per cent silver and i per cent arsenic. 
The anodes are made in “waffle** form, 
with only half the surface area of the 
cathodes, so that anode current density is 
approximately twice that at the cathode, or 
about 90 amp. per sq. ft. Only about 1.5 
per cent of the manganese deposited as 
metal is given off from these anodes as 
dioxide. 

Several materials have been tried for 
cathodes in the course of electrolytic man- 
ganese work to date. The original work was 
done with 17 per cent chromium-iron. At 
the start of the Knoxville plant, ordinary 
sheet steel was used. This proved objection- 
able because of corrosion from spray above 
the solution and because of difficulty in 
maintaining a good surface. Aluminum was 
found to be a good cathode but to have 
erratic stripping properties. The best ma- 
terial found to date at Boulder City is 18 
per cent chromium, ii per cent nickel, 2 
per cent molybdenum stainless steel. 

Stripping is still done by manual bending 
and on good da3rs 95 per cent or more of the 
metal is stripped. Occasional bad days still 
occur for stripping, but no sure cure for 
stripping troubles can be offered. 


^ ality of Product 

'J c ai.ganese is substantially pure, 
except for 0.03 to 0.07 per cent sulphur. 
Jacobs and Churchward, at the Bureau 
pilot plant at Boulder City, have estab- 
lished a relationship between SO2 content 
of the electrolyte and sulphur content of 
the metal; the relationship may not, how- 
ever, be a direct one. 

Plating under the same conditions, 
except that o.i gram per liter of SOj was 
added to the electrolyte in one case and not 
in the other, the following results were 
obtained: 



Total S 

Sulphide S 

No. I with SO* 

0 046 

0 041 

No. 2 without SO*. . 

0 042 

0 002 


The increased sulphur is in the sulphide 
sulphur and not in the sulphate sulphur, 
which presumably is due to occluded 
electrolyte.Two further facts are of interest 
in interpreting this result: 

1. The deposit without SO2 was de- 
posited as ductile gamma manganese, 
which remained ductile for 4 weeks. 

2. The current efficiency was 60.1 per 
cent with SO2 added and only 42.1 per cent 
without it. 

The interrelation of these several factors 
is not at once apparent. It has been well 
known that manganese deposits as gamma 
manganese in the early- stages of plating, 
particularly at low temperatures and high 
current densities. Transformation to the 
brittle variety, however, is a matter of 
hours, so that presumably the high purity 
of the deposit greatly slowed down the 
transition. It is by no means certain that 
the presence of SO2 directly influences the 
sulphur content of the deposited metal. 
More probably it affects cathode current 
efficiency for redudng both manganese and 
sulphur. It is reasonable, however, to as- 
sume that reduction is easier from sulphites 
than from sulphates. 
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Fig, I. — Cell room Bottlder City* pilot plant. 

Showing eight cells with the generator control panel in the background. 



Fig. 2. — Strippijig icai^oanebb toom: caihoide at pilot want and packzno it in cartons 

' ' POR SBOPSOENT,' ' 
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Hence we see that, while the sulphur 
problem in electrolytic manganese has been 
solved in a considerable measure, there is 
much interesting work to be done, in order 
to obtain high current efficiency, low sul- 
phur and suitable deposits for stripping 
from electrodes. 

The production record of the Boulder 
City plant, by months, for the past i8 
months, is shown in Table i. 


Table i. — Production of Manganese j , 
Boulder City Plant 


1942 

Pounds 

1943 

Pounds 

August 

16,735 

January 

February 

32,333 

September 

34.553 

28.301 

October 

23.585 

March 

42,641 

November 

30.00s 

Apnl 

; NUiy 

35.505 

December 

31,660 

42.039 



June 

53.705 



July 

41.129 



August 

35.867 



September 

28,011 



October 

40,619 


Ore Reserves Available eor Manu- 
TACTTTRE OE ELECTROLYTIC MANGANESE 

Jbe future of electrolytic-manganese 
production obviously depends not only on 
satisfactory development of method but on 
availability of raw material and demon- 
stration of valuable uses. 

The exhaustive investigation of the 
manganese-ore deposits in this country, 
which has been carried out since 1938 by 
the Bureau of Mines, has not revealed 
great amounts of ore suitable for furnace 
treatment; but it has revealed large 
amounts of ore suitable either directly or 
indirectly for making electrolytic manga- 
nese. Mr. C. E. Julihn prepared, from the 
data available to the Bureau of Mines, the 
following summary of the manganese ore 
reserves in this country that could be used 
for production of electrolytic manganese. 


The peak of production— approximately 
one ton a day — reached in June, fell off 
with the onset of hot weather in Boulder 
City. It was not possible to obtain the 
necessary cooling equipment to keep the 
eliectrolyte down to the required 3S®C. The' 
climb back to peak production started with 
cooler weather. 

Production op Electrolytic 
Manganese 

The total production at Boulder City to 
Oct. I was 517,000 lb., of which 109,000 lb. 
was used in magnesium-alloy bomb casings; 
85,000 lb. in stainless-steel tests; 129,333 lb. 
was shipped to the Mint for the new nickels 
and 62,720 lb. to England for Lend-Lease. 
The remai n der was used for .various 
smaller-scale tests or is on hancL 
Meanwhile, the Knoxville plant of 
the Electro Manganese Corporation has' 
reached capacity production of approxi- 
mately 4 tons per day, making the elec- 
trolytic manganese production capacity of 
the country approximately 5 tons per day. 


Tons 

Manganese dioxide ore with 
more than 20 per cent manga- 
nese and suitable for direct 
use in electrolytic manganese 
production; includes deposits 
at Batesville, Ark.; Little 
Florida Mountains, N*. Mex.; 

Battle Mountain, Nev.; 

"Wheedon, Cob.; Patagonia, 

Ariz.; Wickes, Mont; Lake 
Valley, N. Mex.; Cartersville, 

Ga.; Shady Valley, Tenn.; 

Buckeye, Colo.; Huber Ry- 
daJch, Utah; and Ladd Mine, 

Calif 3»Soo,ooo 

Manganese ore with 15 to 20 per 
cent manganese, probably re- 
quiring concentration before 
use; includes ore from lead- 
ville, Colo.; Las Vegas, Nev.; 

Butte, Mont.; Phillipsburg, 

Mont; and Drum Mountains, 

2,300,000 

Manganese ore with less than 15 
per cent mSiiQganese, requiring 
concentration before use; in- 
cludes ore from Artillery 
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Peak, Ariz.; Tombstone, 

Ariz.; Three Blocks, Nev.; 

Stange, Va.; Virgin River, 

Nev.; and Patagonia, Ariz. . . 3,600,000 

Manganese ore requiring pre- 
liminary smelting or hydro- 
metallurgical treatment; in- 
cludes ore from Leadville, 

Colo.; Aroostook County, 

Maine; Chamberlain, S. 

Dak.; and Cuyuna Range, 

Minn >100,000,000 

The extent to which concentration before 
leaching would be used would depend on a 
balance of the costs. In making electrolytic 
zinc, concentration is now nearly always 
used preliminary to leaching; for manga- 
nese, each ore would have to be studied. 
Data for such a study are available 
from Bureau of Mines ore-dressing and 
hydrometallurgical studies on manganese 
ores. 

The ores listed in the last category would 
require some special consideration to make 
them usable. The nodules from the 
Chamberlain (S. Dak.) ore, analyzing 17 
per cent Mn and 12 to 15 per cent CaO, 
have been used successfully at ILnoxville 
for the production of electrolytic manga- 
nese, but the acid loss to lime is too high for 
good practice. The Bureau of Mines has 
experimented with various methods of 
treatment for these low-grade ores, such as 
matte smelting, in which the manganese is 
obtained as sulphide, and various hydro- 
metallurgical methods, in which manganese 
carbonate or oxidb is obtained. 

The electrolytic manganese circuit can be 
somewhat simplified by using these concen- 
trated and purified products as raw mate- 
rial. Whether the simplification and the 
lower cost of ore will justify the inter-, 
mediate treatment remains to be seen. For 
the present, there would appear to be 
adequate, suitably located manganese 
dioxide ore to supply any foreseen 
expansion of the electrol3rtic mknganese 
industry. 


Present Uses op Electrolytic 
Manganese 

The New Five Cent Piece 

Possibly the best known use of elec- 
trolytic manganese is as a constituent of the 
new five cent piece. The composition of this 
coin is 36 per cent Ag, 9 per cent Mn, and 
the balance copper. This was a compromise 
with the original job of congressional 
metallurgy, which called for 50 per cent Cu, 
50 per cent Ag. The manganese is added to 
increase electrical resistance, so as to get 
the new coin past the slug rejectors. The 
principle on which these work does not 
seem to be known generally and is interest- 
ing. The coin falls down an inclined chute 
and bounces over a slot. If it is too' light or 
too low in elastic modulus or elastic limit, 
it will not bounce over the slot and will be 
rejected. Thus the new nickel had to have 
about the same density and elastic proper- 
ties as the old. To guard against other types 
of slugs, an alternating magnetic field is set 
up across the path of the coin as it rolls 
down the chute. If eddy currents are set up 
in the coin, it will be retarded, of course, in 
its fall and will be rejected. In order to 
pass the eddy current test, it is necessary 
that the coin have relatively high re- 
sistance; namely, 35 microhms per cm®. 
The coin made of 50 per cent Cu and 50 per 
cent Ag did not have it, but the addition of 
manganese gave the necessary resistance.^ 

The alloy made' with "felectroljrtic man- 
ganese is just sufficiently malleable and 
anneals at a temperature just low enough 
to permit manufacture in the regular mint- 
ing equipment. Even the small percentage 
of impurities introduced by 9 per cent of 
furnace manganese was enough to raise 
annealing temperature an^ make nointing 
difficult. The Mint soon learned to demand 
electrolytic manganese. As the Knopdlle 
output was committed to other war uses, 
the Boulder City pilot plant supplied much 


^ References are at the end of the paper. 



308 


PJRKSfiNT STATUS OJj' ELECTROLmC MANGANESE AND ALLOTS 


Ferrous Alloys 

The price of electrolytic manganese has 
held back the demonstration and utiliza- 
tion on a substantial scale of its possible 
advantages in steel alloys. For this reason 
the Bureau undertook a cooperative in- 
vestigation of the use of electrolytic man- 
ganese in stainless-steel manufacture with 
one of the steel companies. Approximately 
50 tons of manganese was used in the tests. 
All of the results are not yet available, 
but the following conclusions from the 
preliminary report indicate the findings. 

1. The recovery of manganese in furnace 
additions to stainless steel was 87.8 per 
cent compared with 84.0 per cent for low- 
carbon ferromanganese and for ladle addi- 
tions 89.9 per cent, compared with 72.7 
per cent for low-carbon ferro. 

2. There was no measurable increase in 
the carbon or phosphorus content of the 
heat. 

3. In these tests the recovery of manga- 
nese was mqre consistent from heat to heat 
than when using ferromanganese. 

4. Because of the convenience of han- 
dling, weighing and shoveling, electrolytic 
manganese and the smaller bulk and weight 
of the addition, the time required to pre- 
pare a heat for tapping is shortened. 

The low-carbon ferrous alloys, th^efore, 
furnish a large potential use for electrolytic 
manganese, awaitii^ only production for 
sale at a price thaji is definitely possible 
with a large plant, j 

Laboratory St^ies of Manganese 
Aixoys and Probabie Direction oe 
F uTtJRE Commercial Development 

Manganese Melal 

Manganese has at least three allotropic 
modifications: 

a, stable up 742® 
jS, 742® to 1194® 

7, 1194® to m.p. 


The alpha and beta forms are compli- 
cated cubic structures, and both ajlotropes 
are brittle. 

The gamma form is face-centered tetrag- 
onal and is ductile. 

The electrical resistance of gamma 
manganese is 63 to 65 microhms per cm®, 
and of alpha manganese, 165 to 170. 

Gamma nianganese is formed undei 
certain conditions in plating which yield 
low-sulphur deposits as previously dis- 
cussed. If sufficiently pure, its transition 
rate to alpha is very slow. It has not, how- 
ever, been possible to preserve pure 
gamma manganese at room temperature 
by quenching. The presence of only one 
per cent of copper, however, stabilizes the 
gamma form so that it can readily be 
obtained by quenching. 

The System Copper-manganese 

The copper-manganese is the basic 
system for most of the nonferrous manga- 
nese alloys, and considerable effort has 
been made to establish its constitution. 

At high temperatures, below the solidus 
of course, the face-centered tetragonal 
gamma manganese is transformed by 
^adding copper into a face-centered cube, 
the parameters of which gradually change 
to those of pure copper. This is, therefore, 
a continuously changing solid solution, 
which at about 82' per cent manganese 
passes from a face-centered cube into a 
face-centered tetragonal lattice by a 
gradual decrease in one of the axes. Good 
agreement among the data of all investi- 
gators, including our own laboratory, is 
indicated. 

The properties of the quenched alloys 
appear to be those of a continuous series 
of solid solutions, with a possible break in 
properties at the transition from cubic to 
tetragonal at 82 per cent Mn. 

The results already published show that 
this is approximately correct for the 
electrical resistance.’ The normal looking 
curve for electrical resistance in Fig. 3, 
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showing the relationship between electrical 
resistance and weight per cent manganese, 
has a peculiarity, however. It is made up of 
two straight lines connected by a curve. 


Fig. 3 also shows the temperature 
coefficients of electrical resistance in this 
system, taken from the results of E. V. 
Potter in the Bureau laboratories. These 



Fig. 4, — Oscillograph secosd op vibration in steel and manganese alloy. {Potter,*) 


The two straight lines terminate at 40 per 
cent and 82 per cent Mn, respectively. 
This suggests that we are dealing with two 
solid solutions, one of manganese in copper 
up to 40 percent Mn and one of copper in 
manganese down to the limit of the tetrag- 
onal lattice at 82 per cent The intermedi- 
ate alloy would not appear to be so simple 
a solid solution. 

The temperature coefficient of the 
quenched alloys also indicates a dffierence 
in the type of solid solution within the 
system. In the lower range, o to 40 per cent 
Mn, the temperature coefficient falls so as 
to reach approximatdy zero around 40 per 
cent Mn. It becomes negative and remains 
negative up to approximately 6$ per cent, 
when it again becomes positive, but faBs 
to zero again at about 80 per cept, when it 
rises very rapidly. The simpler solid solu- 
tions on both ends of the system therefore 
have normal positive temperature coeffi- 
cients of oLectrieal resistance. 


electrical properties of the manganese- 
copper alloys suggest at once their use in 
electrical resistances; and, of course, the 
low-temperature coefficient of the copper- 
nickel-manganese alloys has long been the 
basis of such alloys as manganin. These 
alloys, however, are built around the point 
at which the zero line of temperature 
coefficient is crossed at the copper end of 
the system. The high-manganese end offers 
higher electrical resistance with equally 
low temperature coefficients. The 66 per 
cent alloy has a resistance of approximately 
190 microhms per cm*, and a tempera- 
ture coeffideiit of zero. Further, the ther- 
mal e jn.f . agmnst copper is very Ipw. 

Next to the electrical properties of the 
copper-manganese alloys, or perhaps ahead 
of them, the outstanding characteristic 
of copper-manganese aJlo3rs is their vibra- 
tion-damping capacity. Tliis has been 
described in, several publications. As a 
result of this extremely high internal fric- 
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tion, or damping capacity, the high- of copper-manganese alloys. An interesting 
manganese alloys do not ring when struck, use as electrical condenser plates has been 
Fig. 4 shows the comparative vibration described by Potter and Huber.^ So far 
of steel and a manganese-copper alloy, no extensive commercial uses have devel- 



Compotitlon in % Mn * 

Fig. 5. — Relation of composition to vibration damping in copper-manganese alloys. 
* {Potter.^) 


A shows the attenuation of the amplitude 
of vibration of a bar of steel subjected to 
an initial torsional stress and allowed to 
vibrate freely. B shows the similar attenu- 
ation of the amplitude of vibration of a bar 
of manganese alloy, so proportioned that 
the initial amplitude of vibration is very 
nearly the same as that of the steel bar 
recorded in The vibrations of the steel 
bar are more rapid, and the attenuation of 
amplitude with both the number of vibra- 
tions and with time, are very much greater 
for the manganese alloy. A comparison of 
the amplitudes of vibration in the two bars 
after 25 cycles indicates that in steel the 
amplitude has decreased to approximately 
80 per cent while in manganese it has 
decreased to 20 per cent of the original 
amplitude. Fig. 5 diows the relationship 
between manganese content and damping 
at several stresses. Other physical proper- 
ties of the 82 per cent alloy, which shows 
the highest damping capacity, are given 
in Table 4. Numerous uses have been 
suggested for the high vibration damping 


oped. The sharp maximum of damping 
around 82 per cent Mn, the limit of the 
tetragonal lattice, is evident. 

Table 4. — Properlies of a Copp&r-man’^ 
ganese Alloy Containing 82.9 Per Cent 
Manganese, Balance Copper, 
RapiMy Cooled from 850^0. 

Damping capacity at low stress, per cent. 7 
Electrical resistivity, ohms per cm*, at 

^ ao®C 149 X 10"* 

Density, grams per c.c 7.16 

Thermal coefficient of expansion per deg. 

C 20 X lo"* 

Tensile strenrth. lb. i>er sq. in 68.000 

Yield strength, lb. per sq. in 24.000 

Proportional limit, ib. per sq. in 13.000 

Elongation (iK-in. gauge length), per 

c^t....... 3S 

Reduction of area, percent 49 

Rockwell hardness B-55 

Endurance limit for i X 10* cydes. lb. 

persq. in. . 17.000 , 

Young’s modulus, lb. per sq. in 13 X io» 

The most significant, or certainly the 
most unusual structure observed in the 
manganese-copper alloys is the so-called 
block stoicture, shown in Fig. 6, whiich 
occurs m the composition range 50 to 60 
per cent Mn when heated to 700® to 8so®C. 
and quenched. This was npted several 
years ago in a study of these alloys® in 
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which an attempt was made to explain 
this structure as in reality an intergrowth 
of two very similar, but not isomorphous, 
phases. Further studies of this system, 
however, have made this explanation less 
probable. Meanwhile Corson® published 
pictures of an identical “strange structure” 
in an aUoy of copper with 1.05 per cent 
beryllium, which had been “overaged” at 
6oo°C., and also in an alloy of copper with 
35 per cent antimony, chill-cast and 
annealed at 6oo®C. 

This structure is too definite and re- 
producible not to be significant. Corson 
makes no suggestions for its meaning, and 
our earlier suggestion for the copper- 
manganese case is not applicable to the 
others. The Cu-Be and Cu-Sb diagrams 
indicate that the structure occurs in the 
alloy on heating just above the- tempera- 
ture where the molecular attraction be- 
comes strong enough to form the lattices 
CuBe and CuaSb, respectively. By analogy, 
and for other reasons, I now suggest that 
the copper-manganese block structure is 
formed just above the temperature where 
the attraction between manganese and 
copper results in the separation of a second 
phase, but where such attraction is sufiSi- 
cient to cause the properties of the alloy to 
depart from the behafior of the simpler 
terminal solid solutions. 

Behavior of Cofper-mmganese Alloys ai 
Low Temperatures 

The exact nature of the transitions that 
take place at low terpiperatures In copper- 
manganese aUo3rs has by no m^ns been 
settled. Extensive work has been done 
by Long and Potter in Bureau laboratories 
arid by Prof. C. Y. Clayton at RoUa., By 
very slow cooling, Clasrton has founil a 
definite eutectoid structure at about 
50 per cent Mn (Fig, 7). 

The most complete study of the mechan- 
ical properties of the Wppet-manganese 
alloys' has been made by Hes^ ah^ 
My^Kowski.* their results^ shown in 


Fig. 8, are entirely consistent with the 
tentative diagram. 

The strength of the quenched alloys 
shows breaks at 40 and 80 per cent Mn; 



Fig. 6. — Manganese-copeex aixoy, showing 
BLOCK STaTTCXUKE'. (/ocobs.) 


and on the alloys aged at 45o®C. there 
is a shaip drop in both strength and 
ductility at 80 per cent Mn, where the 
diagram indicates the first separation of 
alpha manganese. 

The System Mangmeser-copper-nickd 

The commercial development of the 
high-expansion alloys and the hardening 
allo3rs in the series manganese-copper- 
nickel has been mentioned earlier in this 
paper, It seems likely that, even with 
these developments, the possibilities of the 
system have not been exhausted. The elec- 
trical resistance and temperature coeflicient 
of the manganese-coppei-nickel alloys 
are shown in Figs, g and 10. 

The properties of the 72 per cfent Mn, 
18 per cent Cu, ib per cent Ni alloy axe 
shown in Table 5. 

The use of the nianganese-coi^er-mckel 
alloys, having a relativdy low man- 
ganese content, su^ as maoganin lor 
electrical reGdstkqces, is well known. The 
possibilitLes of obtaining a mnck h|^et 
resistance, together wilh, ^o temperature 
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coefficient, are indicated by the data in 
Fig. lo. 

The effect of nickel is to stabilize the 
copper-manganese solid solution. This is 



Fig. 7- — Eutectoid structure found in 
so PER CENT manganese-copper ALLOY VERY 
SLOWLY COOLED. { Clayton .) 


clearly illustrated by the example in Table 

6 . 


Table 5 . — Physical Constants of Eigh- 
expcmsion Alloy 

72 Per Cent Manganese, 18 Per Cent 
Copper, 10 Per Cent Nickel* 

Electrical resistivity: ohms per circular 

mil-foot at 30*P 1050 

Ohms per square mil-foot at So”?. . . . 825 

Microhms per cm>. at 25*C 175 

Temperature coefficient of resistance, 

deg. C. (25®-«o®C.) 0.00014X 

Temperature coefficient of expansion 

^ C2S®-iSO®C.)... 27.5X10-* 

Thermal conductivitj^ cal. per sec. per 

sq. cm. per deg. C. per cm 0.02 

Emissivity, per cent: as roUed 26 

As polish^ 20 

Specific heat 15* to 35°C.. cal. per gram 

per deg. C 0.126 

Density, grams per cm* 7.21 

Wei^t, lb. per cu. in 0.26 

Vibration-damping constant, per cent. . 2.3 
Hardness-Vickers, 50 per cent cold re- 
duction 220 

Modulus of elasticity 18 X 10* 

Tensile strength, lb. per sq. in 115,000 

Yield stress, o.i per cent set pounds per 

. aq.in... .. . 95.000 

Proportional limit, lb. per sq.m 50,000 

Eloimtion in 2 in., per cent 6.5 

• Data submitted by W. M. Chace Co. 


Table 6 . — StdbUizmg Effect of Nickel 


Alloy Composition, 6$ Per Cent Mn, 35 For Cent Cu 



TeiMerature 
Coefficient of 
Resistance, 
Ohms per Ohm 
per Deg. C. 

Specific 
Resistance, 
Microhms per 
Cm*, at 
20®C. 

Quencbed 

Reheated to 4S0®C. . . 

- 1 - 0.000004 

183.2 

+0.0010 

II6 

Alloy Composition, 65 Per Cent Mn, 13 Per Cent Ni, 
Bal., Cu 

Quenched 

Reheated to 4S0®C. . . 

—0.0000083 

189.8 

—0.0000084 

182,9 


The relatively small change in the 
nickel alloy between reheated and quenched 
is notable; even more so is the close agree- 
ment in properties between the reheated 
nidiel alloy and tl^e quenched copper- 
manganese of the same manganese content. 

The decrease in resistance on reheating 
as compared with quenching, as a function 
of nickel content for manganese-copper- 
nickel alloys, is shown in Fig. ii. The 
maximum nickel is required for 65 per cent 
alloys and is, as indicated in Fig. ii, around 
is’^lper cent. These data permit us to plot 
the limit of the copper-manganese type 
solid solution on the ternary diagram, as 
in Fig. 12, which shows also the hardening 
range of what may le termed the Cu-MnNi 
type of solid solution, which can be so- 
effectively hardened by thermal treatment. 
Properties that, can be expected in the 
60 per cent Cu, 20 per cent Mn, 20 per cent 
Ni alloys are given in Table 7. 

There are two other types of solid 
solution in this ternary system, the nickel- 
manganese t3rpe (characterized by forma- 
tion of the very magnetic, ordered lattice 
NijMn on heating to 45o®C.) and the 
manganese-nickel-type solid solutions. 

Magnesium AUoys 

The behavior of nickel and manganese 
tbgether as a hardener for copper suggested 
that they might produce a hard^ing 
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alloy of magnesium, and this has been of i per cent Mn, 4.5 per cent Li, balance 
found to be true. Table 8 gives a single magnesium, could be cold-worked to 60 per 
example of these alloys taken from tests cent reduction in area as cast and 96 per 
made by Cresap Moss in the Bureau cent after one anneal, 
laboratories. Adequate data are not available on the 



Fig. 8. — ^Tensile strength and elongation oe manganese-copter alloys as quenched 
AND as TEMTE 33 LED AT 45 o®C. (842®F.). {Hessc and Myskowski ,'^ 

Other ‘interesting series of magnesium mechanical properties of these lithium 
alloys containing manganese are those to alloys, but 40,000 lb. per sq. in. tensile 
which lithium is added. Such allo3rs can strength for the cold-worked alloys appears 
be cold-rolled far more effectively than to be easily obtainable. The effect of 
most magnesium alloys. A single example lithium is to' considerably lower the 
will illustrate their possibilities. An alloy modulus, which might be desirable for 


Table 7 . — Properties Expected in Copper-manganese^ickel Alloys 
60 Per Cent Cu, 20 Per Cent Mn, 20 Per Cent Ni 
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coefiScient, are indicated by the data in 
Fig. lo. 

The effect of nickel is to stabilize the 
copper-manganese solid solution. This is 



Fig. 7. — Eutectoid STRtrcrtiRE potnsfn in 
so PER CENT MANGANESE-COPPER ALLOY VERY 
SLOWLY COOLED. {Clayton.) 


clearly illustrated by the example in Table 

6 . 


Table 5 . — Physical Constants of Eigh- 
expansion Alloy 

72 Per Cent Manganese, 18 Per Cent 
C opPE]^ 10 Per Cent Nickel* 

Electrical resistivitj: ohms per drctdar 

mil-foot at 30*P 1050 

Ohms per square mU-foot at 8o®F. . . . 835 

Microhms per cm^ at 25*C 175 

Temperature coeffident of resistance, 

deg. C. (2S*-IS0*C.) 0.000141 

Temperature coemdent of expansion 

<2S*-1S0*C.). 27.S X IO-* 

Thermal conductivity, cal. per sec. per 

sq. cm. per deg. C. per cm o.oa 

Bmissivity, per cent: as rolled 36 

AspoUdied 20 

Spednc heat is® to 3S°C., cal. per gram 

^deg..C 0.136 

Density, ^ms per cm* 7.21 

Weight, lb. per cu. in 0.26 

Vibration-damping constant, per cent. . 3.3 
Hardness-Vickers, 50 per cent cold re- 
duction 230 

Modulus of elastidty 18 X xo* 

Tensile strength, lb. per sq. in 115,000 

Yield stress, o.x per cent set pounds per 

• sq.in 95 iOOO 

Proportional limit, lb. per sq.in 50,000 

Elongation in 2 in., per cent 6.5 

« Data submitted hy W. M. Chace Co. 


Table 6. — Stabilizing Effect of Nickel 


Alloy Composition, 65 Per Cent Mn, 35 Per Cent Cu 



Tei^erature 
Coefficient of 
Resistance, 
Ohmsper Ohm 
per Deg. C. 

S]^ecific 
Resistance, 
Microhms per 
Cm*, at 
30 ®C. 

Quenched 

Reheated to 450®C. . 

-1-0.000004 
-f 0.0010 

183.3 

116 

Alloy Composition, 6s Per Cent Mn, 13 Per Cent Ni, 
Bal., Cu 

Quenched 

Reheated to 4S0®C. . . 

— 0.0000083 

189.8 

— 0.0000084 

183 9 


The relatively small change in the 
nickel alloy between reheated and quenched 
is notable; even more so is the close agree- 
ment in properties between the reheated 
nickel alloy and quenched copper- 
manganese of the same manganese content. 

The decrease in resistance on reheating 
as compared with quenching, as a function 
of nickel content for manganese-copper- 
nickel alloys, is shown in Fig. ii. The 
maximum nickel is required for 65 per cent 
alloys and is, as indicated in Fig. ii, around 
i5^per cent. These data permit us to plot 
the limit of the copper-manganese type 
solid solution on the ternary diagram, as 
in Fig. 12, which shows also the hardening 
range of what may le termed the Cu-MnNi 
type of solid solution, which can be so^ 
effectively hardened by thermal treatment. 
Properties that, can be expected in the 
60 per cent Cu, 20 per cent Mn, 20 per cent 
Ni alloys are given in Table 7. 

There are two other types of solid 
solution in this ternary system, the nickel- 
manganese type (characterized by forma- 
tion of the very magnetic, ordered lattice 
NisMn on heating to 4So°C.) and the 
manganese-nickel-type solid solutions. 

Magnesium AUoys 

The behavior of nickel and manganese 
together as a hardener for copiper suggested 
that th^r might produce a hardening 
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alloy of magnesium, and this has been of i per cent Mn, 4.5 per cent Li, balance 
found to be true. Table 8 gives a single magnesium, could be cold-worked to 60 per 
example of these alloys taken from tests cent reduction in area as cast and 96 per 
made by Cresap Moss in the Bureau cent after one anneal, 
laboratories. Adequate data are not available on the 



Fig. 8. — ^Tenshe stkenoth and elongation oe manganese-copper allovs as quenched 
AND as tempered AT 4So°C. (842®F.). {Hesse and MyshowsUS) 

Other ‘interesting series of magnesium mechanical properties of these lithium 
alloys containing manganese are those to alloys, but 40,000 lb. per sq. in. tensile 
which lithium is added. Such alloys can strength for the cold-worked alloys appears 
be cold-rolled far more effectively than to be easily obtainable. The effect of 
most magnesium alloys. A single example lithium is to considerably lower the 
will illustrate their possibilities. An alloy modulus, which might be desirable for 


Table t.— P roperties Expected in Copper^mgmese-^M Alloys 
60 Per Cent Cu, 20 Per Cent Mn, 20 Per Cent Ni 


Condition 



Ultimate 
Tenaile 
Strength* 
Lb* Sq. 


75-80.000 21-27*000 45-52 


Fatigue 
Limit, ro* 
Cydes 

ResistiYity, 
Microhm 
per Cm*, 
at 2 o‘'C. 

Modulus, 
Lb. ^er Sq. 

Thermal 
Expansion 
per Deg. C, 

60.000 

65.5 

20.95 X 10 * 

18 X I 0 -* 
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MANGANESE. PERCENT 


Fig. 9. — Specipic resistance op manganese-nickel copper alloys. (Dean and Anderson,) 

Ohms X lo** per cm*. 
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certain purposes such as diaphragms. The 
modulus of the alloy given as an example is 
approximately 4.67 X 10”" lb. per sq. in. 
compared with about 6.8 for most mag- 
nesium alloys. 


Table 8. — Properties of Extruded Alloy 
4 Per Cext Mg, 4 Per Cent Ni, 2 Per Cent 
Mn 



As Extruded 

At 

500«F. 

Tensile strength, lb. per 



sq. in 

Yield strength, lb. per 

55,000 

47.400 

sq. in 

35 ),SOO 

44,600 

Elongation, per cent 

Reduction of area, per 

3 

4 

cent 

6 

0 

Rockwell hardness 

Electrical resistance. 

ohms per cm* 

Density 

Damping capacity, per 

cent 

Modulus, lb. per sq. in. 
Coefficient of expansion. 

F 7 S 

8.67 X io“« 

1.853 

0.076 

6.86 X 10* 

P63 

cm. per cm. per deg. C. 

0-100 24.8 
0-200 20.5 
0-300 . 27.2 



For the sake of comparison, the homogenized and 
luirdened lo per cent A 1 alloy is listed as having 
the following properties: 

Electrical resistance ohms per cm* ri 67 X io“* 
Tensile strenrth, lb. per sq. in.. . . 50,000 

Yield strength, lb. per sq. in ... 35,000 

Elongation, per cu. ft 3 


Both the magnesium-manganese-nickel 
and the magnesium-manganese-lithium al- 
loys are less corrosion resistant than cur- 
rently commercial alloys, and protective 
treatments must be developed. 


AUoys of Copper, Manganese, and Zinc 

There is little doubt that the alloys of 
this system will find a number of uses. The 
addition of manganese to copper-zinc 
alloys within the alpha range gives an 
increase in tensile and 3deld strength with- 
out substantial loss in ductility. 

The results of tests by J. R. Long, in the 
Bureau laboratories, on the annealed and 
fully cold-worked alloys having 65 per cent 
Cu, o to 30 per cent Mn, balance zinc, are 
given in another paper currently released. 

Alloys containing about $ per cent Mn 
have nearly the same properties as 70-30 


brass. Increasing the manganese, however, 
increases both ultimate and yield strength 
rapidly up to 10 per cent and less rapidly 
beyond that percentage. 

The ductility of the annealed material 
falls off rapidly with manganese above 10, 
but elongation of the fully cold-worked 
material is relatively independent of 
manganese content. 

By lowering the copper and increasing 
zinc a series of alloys can be obtained 
having many of the properties of nickel- 
silver. Direct substitution of manganese 
for nickel in the ordinary 18 per cent 
nickel-silver, giving a composition of 18 
per cent Mn, 15 per cent Zn, 67 per cent 
Cu, yields an alloy having substantially 
the same mechanical properties as the 
nickel-silver. 


Table 9. — Properties of a 70 Per Cent Zinc, 
20 Per Cent Manganese, 10 Per Cent 
Copper Alloys 


Property 

Cast 

Extruded 

Hardness, Rockwell C 

7 

7 

Electrical resistance, ohms 
per cm* 


128.5 X 10"* 

106,000 

16 

Temsile strength, lb. per sq. 
in 

75.000 

1—3 

Eloimation, per cent 

Coefficient of expansion, cm. 
per cm. per deg. C 


25 2 X lO*** 

0.0X8 

Vibration damping, per cent. 



» C. T. Anderson: Report of Conference on Metal- 
lurgical Research, Bureau of Mines, Salt Lake City, 
Utah (May 21, 1940) 129. 


Increasing the manganese to 35 per cent 
provides an interesting series of alloys 
having good casting and corrosion-resisting 
properties. Properties of such alloys when 
chill-cast have been given in Table 3. 

The alloys high in zinc, in the ternary 
series zinc-copper-manganese, need to be 
mentioned. Such alloys as 70 per cent Zn, 
20 per cent Mn, 10 per cent Cu, may be 
extruded or hot-pressed and have excep- 
tional mechanical properties. A typical 
example is given in Table 9. 

Alloys in this series still higher in zinc 
may be used for die castings. 
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Direction of Possible Future 
Development of Ferrous Alloys 

In connection with the dijfference in 
properties of alloys made with electrolytic 
and other manganese some of the iron- 
chromium-manganese alloys have been 
discussed. These alloys, within certain 
ranges, have exceptional cold-rolling prop- 
erties combined with resistance to at- 
mospheric corrosion. 

The mechanical properties of pure iron- 
manganese alloys made with electrolytic 
manganese have been reported by Walters,® 
who found that, in contradiction to earlier 
work with impure manganese, all the allo3rs 
of manganese and iron, up to 20 per cent 
Mn, were ductile, and, in fact, had greater 
elongations with respect to their tensile 
strength than S.A.E. steels. Uses based on 
the properties of pure iron-manganese 
alloys can be expected. 

The strongest alloy in the series con- 
tained 11.54 per cent Mn and had an 
ultimate tensile strength of 150,000 lb. 
elongation 25 to 27 per cent.® 
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DISCUSSION 

(E. M. Wise presiding) 

C. L. Mantell,*" New York, N. Y. — Have 
you any figures, Dr. Dean, which would allow 
for comparison of electrolytic manganese 
with other electrol3rtic products? That is, 
in terms of kilowatt hours per pound for the 
d. c. and a. c. power? That is the first question. 

The second is: You discuss the manganese- 
copper alloys but with no specific mention of 
manganin. I had wondered whether the Bureau 
had done any work in connection with man- 
ganin, particularly the surface oxide effect, 
which is quite important in that field. 

You discussed the manganese-copper-nickel 
system where the nickel was a stabilizer, but 
seemed to avoid — ^I do not mean to avoid 
intentionally — ^but seemed to avoid the dis- 
cussion of similar S3rstems of manganese, 
copper, iron and the manganese-copper-iron- 
chromium. The reason for the interest is that 
those are in the general group of the high- 
resistance thousand-ohm alloys and they are 
of very specific interest to the nickel, chromium 
and nickel-chromium-iron group. Every time 
we have made them we successfully made 
them down to about 0.025-in. diameter wire 
sizes, but that is not where they are of interest. 
They are of interest in wire sizes of 0.010 and 
below. We make the wire very nicely and then 
we put it on the shelves Three mouths later 
we come back and we find the wire is not in 
one continuous piece but in several hundred 
pieces. We do not know why. Have you any 
thoughts that you might leave? 

I want to raise the question as to any work 
of the Bureau in connection with the replace- 
ment of part of the nickel in nickel-silver 
alloys by manganese. There had been some 
successful work done on that. 

R. S. Dean (author’s reply).— Well, of. 
course, you have asked de^ed questions, 
and this was not a detailed paper. Later in 
the meeting Mr. Knickerbocker is going to 
give a paper on the operation of our Boulder 
City plant.t 

* Consulting Engineer. 

t J. H. Jacobs et al.: First Two Years Opera- 
tion of ''the Bureau of Mines Electrolytic 
Manganese' Pilot Plant at Boulder City, 
Nevada, Metals Technology, August 1944* 
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()[ rourse, all we can say alKuit the kilowatt 
hours neressary to prodtirc electrolytic man- 
j'ancbo is to jyive the best results wc have been 
able to get, and we have been gradually 
edging up our current efficiency. We have 
been able to run individual cells for weeks 
at a time w’ith some 70 per cent current, 
etnciency. And I will have to ask Mr. Knicker- 
bocker about what the maximum is. 

R. G. Kxiceekbocker,* Boulder City, 
Nev. — About 3.5 kw-hr. d. c. per pound. 

R. S. Dean. — ^As for the comparison of 
that with other electrochemical and electro- 
metallurgical processes, that is something I 
have been studying. But 1 must say that I 
am not in a position to give you a real com- 
parison. I mean, if you are interested, for 
example, in the kilowatt-hours per ton to 
produce ferromanganese, I have figures any- 
where from 2200 kw-hr. up to the figure that 
somebody gave the Federal Power Com- 
• mission of six or seven thousand, which I 
do not believe for a minute. 

Maybe Dr. Kinzd will tell us what a good 
figure is for the production of ferronaanganese 
in kilowatt-hours per pound. 

On other things you are in about the same 
position. We know pretty well what the 
figures are for zinc, and some things of that 
kind. I do not know how far we can get down, 
but I imagine that somewhere aromid 3 kw-hr. 
per pound is about rock bottom, because 
there is always going to be some hydrogen. 
Seventy per cent current efficiency is 20 per 
cent higher than we thought we were ever 
going to be able to get when we started with 
this, so I would not want to say it was the 
limit. A few years ago 1 would have said 
55 or 60 per cent was about all that we could 
hope for. 

Now, you ask if we have done any work on 
•manganin, and the answer is, directly on the 
manganin part of the range, no. Because we 
have been more concerned with the higher 
manganese alloys having that zero temperature 
coeffident. I did not say, and probably should 
have said in the article, that although nickel 
stabilizes the alloys as far as temperature is 
concerned, if you run your hand over a wire 
made from them, and you have a sweaty 

* U. S. Bureau of Mines. 


hand, the wire will break all to pieces. They 
will stand about two minutes of immersion in 
sodium chloride. I do not know exactly what 
the cause of this break-up is. 

We found we could draw the wire down to 
any given size and we could preserve it by 
handling it entirely with gloves, literally. 

That has been solved in certain ways, not 
by the Bureau of Mines. Unfortunately, I 
am not in position to reveal the solution. 
1 think those allo}^ will have a place because 
they have such very high resistance. 

Now, as for discussion of manganese in 
nickel silver, I think we have made all of 
those alloys of one kind or another. I do not 
believe there is much merit in leaving much 
nickel in them. Going the whole way gives a 
pretty good alloy. We thought at one time 
that we saw an advantage from a corrosion 
standpoint of having some nickel. I would 
not as yet want to speak positively on it, 
but certainly as far as physical properties 
are concerned you can get any property, 
within reason, with just a copper-manganese 
and zmc. Long, what do you t h i n k about it? 

J. R. Long,* Salt Lake City, Utah.~I 
thiik that is about right. 

R. S. Dean.— T hose alloys are certainly 
adequately resistant to ordinary atmospheric 
corrosion. Some of the higher manganese 
alloys are very nice casting alloys if there is 
aluminum in them, up to one per cent alu- 
minum, for example. I guess it is a little more 
than a deoxidizer. , 

It is a necessary constituent of the alloy for 
casting purposes. 

A. B. KiNZEL,t New York, N. Y. — I think 
Mr. Dean has done a very excellent Job in this 
survey. He has touched a great manjr different 
applications that may materialize some day. 

I am very glad that he did emphasize the 
two major possibilities. That is, when we 
have new aUoys we are looking for unique 
properties or lower cost. The cost story has 
been the subject of much conversation. There 
is not much to say about it that has not been 
said, and the real story will be told by actual 

* U. S. Bureau of Mines, 
t Chief Metallurgist, Union Carbide and 
Carbon Research Laboratories. 
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production cost and sales price as we go along 
through the years. 

As to unique properties, the two that Mr. 
Dean investigated — namely, the temperature 
coefficients both for electrical conductivity 
on the one hand and for expansion on the 
other — are the two properties that appear in 
this series of alloys as sufficiently unique to 
warrant our getting really interested. Whether 
or not we can get allo}^ in the electrical field 
that are sufficiently stable and useful remains 
to be seen. I think we have gone a long way in 
that direction. Certainly that is true in the 
temperature coefficient work. 

I was rather interested in one statement that 
Mr. Dean made, and I will just wind up this 
little discussion with a question. He said they 
had been supplying Basic Magnesium at 
Las Vegas 20,000 lb. a month of electrol3rtic 
mangahese. That is a goodly amount, of course. 
Is that use still experimental? 

R. S. Dean, — ^Well, yes and no. They are 
paying us for it. That is a Defense Plant 
Corporation proposition and the Government 
is transferring a pound, I believe, from 
one pocket to the other, so that in that sense it 
is not experimental. I mean, it is rather a 
larger amount than we would fed .justified 
in using if it were. 

However, it is experimental in the sense that, 
as I said a couple of times, we still do not under- 
stand all we know about the addition of 
electrolytic manganese to magnesium. I 
understand they are still using, and naturally 
would be using with only that amount of 
dectrolytic, some manganese chloride. Also, 
there is some question as to whether it should 
be put in through an intermediate alloy or 
put in directly. I think the problem of putting 
it in directly is purdy mechanical. If you could 
just have the manganese hotter than the zinc 
you could get it in the magnesium. If you 
can get it hotter than the magnesium you 
can put it in. It washes in. It is just a question 
of time. 

Of course, the trouble with manganese in 
magnesium is not putting it in but keeping it 
in. If you let it solidify it comes out again. 
It is one of the unhappy situations. But that 
amount is really just something that we are 
supplying. It got into the picture as they ran 
out of chloride down there one day and to 


keep the foundry going we started pushing 
manganese over there. We have been more or 
less trying ever since to stop gracefully, 
without success. 

A, B. Rinzel, — I gather from the paper that 
the stainless use, which was also in rather 
large amounts, is likewise still experimental? 

R. S. Dean. — It is still experimental in the 
sense that we are furnishing manganese on an 
experimental basis to a number of companies 
particularly for stainless wdding rod and 
similar things. 

A. B. Kinzel. — What do you mean by 
“experimental basis”? 

R. S. Dean. — ^I mean without charge on the 
basis that they give us the complete results. 
And you would be surprised how everybody 
would rather pay for the manganese. 

This one test that I referred to did consume 
about 100,000 lb. or so. But it is complete 
and that company is now, as I understand it, 
purchasing dectrolytic manganese on the 
regular basis for that work and we are no 
longer supplying it. 

R. H. Bennett,* Minneapolis, Minn. — I 
think it might be interesting to give figures 
as to our actual output to date of metal 
presumably purchased by customers who are 
willing and able to pay and find some benefit 
in using the metal. These figures comprise the 
total cumulative product to date from the 
start of our commercial operations, which 
can be taken as about Jan. 1, 1940. 

The total is about 5% million pounds, 
million having gone to stainless steels, 
possibly 40 or 50 thousand induded in other 
steels. But the bulk is in stainless. One million 
has gone to light metals, principally aluminum. 
That indudes shipments, Dr. Dean, to the 
United Kingdom. About million has gone 
to copper-based alloys; that is, alloys in 
which copper is the primary constituent, 
bronzes and brasses. About }i million has 
gone to coinage, about ^ million to a great 
many miscellaneous uses, indudiog chemical, 
and about million to a strategic stock pile 
set up by the M.R.C. This makes a total of 
5^ miUioDs. Our actual production as averaged 

* Electro-Maxxganese Corporation. 
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in the past five months of operation has been 
4^2 tons a day. Dr. Dean’s paper gives it 
as about 4 tons, but it has actually been 
4*2 tons. 

A. B. ICiNZfiL. — Over what period of time 
^Yas this five and three-quarters? 

R. H. Bennett. — Since the inception of 
commercial operation, which is Jan. i, 1940? 
to date through January last. The metal is 
now free from allocation. For a long time it 
was closely controlled by W.P.B., until output 
was increased by expansion of our plant 
down there, the expansion being finished in 
June 1943. From that time forward the metal 
has been free from allocation and can be 
obtained in reasonable quantities. We are 
not going to pass order blanks around today 
but I can assure you the metal is available 
for your needs. 

Dr. Dean df es the production in the Bureau 
of 500,000 lb. to date, and if you add to that 
our million pounds you get the total 
amount of electrolytic manganese produced 
and available for industry. 

H. Scott,* East Pittsburgh, Pa.— In the 
casting field, why do you go to so high a 
manganese content? "WTiat would be the casting 
characters of 10 to 20 per cent manganese in 
copper? What is the advantage or the function 
of the aluminum addition therein? 

R. S, Dean. — ^Y ou are speaking of the 35 per 
cent manganese that I mentioned? 

H. Scott. — ^Yes. 

R. S. Dean. — ^You should ask why they 
put 25 per cent manganese in there. I do not 
think there is anything critical about it. 
We have made them all the way up. One 
group I remember had about 17 per cent 
manganese. We thought the 35 per cent 
manganese, for some reason or other, had a 
little better property. 

What about that, Long, what is your up-to- 
the-minute justification? Are you still using 
35 per cent manganese because we originally 
thought that was a good idea? 

J. R. Long. — think that is the reason for 
it. 

* Westinghouse Electric and Manufacturing 
Company. 


R. S. Dean.— Nothing critical about it? 

J. R. Long. — No, we had to settle on some- 
thing and most of the work was done along 
that particular line. I do not see any reason 
for sticking to that composition. 

H. Scott. — ^Is that amount of manganese 
protection against loss of zinc to any extent? 

R. S. Dean. — In boiling the soup, it protects 
against the loss of anything. 

H. Scott. — I mean in the molten state. 

R. S. Dean. — Well, those allo3rs if deoxidized 
with aluminum are all right. I do not think 
that manganese particularly protects against 
the loss of zinc. 

Member. — How is it handled in remelting 
scrap? 

R. S. Dean. — You are getting into com- 
mercial questions. We never melted a lot of 
thin scrap. There is going to be a lot of man- 
ganese lost. That question is coming up be- 
cause there is some scrap that is 72-18-10, and 
if anybody would like to use some of that 
scrap I can tell them where they can get it. It 
is obviously a new scrap material of which a 
certain amount can be remelted in larger pieces, 
and there is always a certain amount of mill 
scrap. The scrap problem in manganese alloys 
is new because there has not been any until 
lately. 

H. Scott. — How about corrosion resistance 
relative to the manganese-free alloy? 

R. S. Dean. — Corrosion resistance relative 
to a brass — ^we thought they were a good 
deal better than salt spraying, and so on. 

I have no quantitative figures. They seem to 
be more like a nickel silver than a brass. 

Member. — How do these things behave 
when silver plated, particularly after hard 
soldering? That is the practical situation. 

I should think the oxidizing ability might 
cause some difiOiculties. 

R. S. Dean. — I think that has been done and 
done quite satisfactorily, but I do not have the 
details. 

We have done a little work on plating. 
In general those allo3rs seem to behave very 
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much like nickel silver. But perhaps the tests 
w.ere not such as would indicate the difficulties 
that might show up in a commercial applica- 
tion. That is very often the case. That is 
emphasized with all of these things, every 
one of them that we have gotten into. The 
man who tried them has gotten into a peck 
of trouble but he has gradually gotten out of it. 
I think that they can be plated. 

W. M. Peirce,* Palmerton, Pa. — To answer 
hlr. Scott's question, which I take to refer to 
dezincification, 1 would say that we have tests 
showing that some of these allo}^ behave 
qualitatively like the corresponding copper- 
zinc alloys and do undergo dezindfication. 
We do not know that this is true of all the 
alloys of the system nor that the effect is 
quantitativdy the same. The corrosion re- 
sistance of the alloys is nevertheless good. 

A. C. LooNAMjt Lake Charles, La.— I 
have done some work on alloying electrolytic 
manganese with magnesium. It seems to be a 
case of time and temperature, but pardadarly 
of getting a flux that will keep the manganese 
surface dean. It has a tendency to form a 
black coating that absolutely insulates it 
from the metallic magnesium. I have made 
alloys as high as 2.2 per cent manganese on a 
small scale. 

I should like to ask about this magnesium- 
manganese-lithium alloy. You said it could be 
cold-rolled. Do you mean $ or 10 per centH 

R. S. Dean.— N o, I said in the paper 96 per 
cent. 

A. C. Loonam.— H ow high do you have to 
go in manganese? 

R. S. Dean. — Manganese is not important, 
lithium is. About 4 per cent lithium for the 
best results. You can get some good results 
below that but for one of these very Tollable 
.alloys I would like to say around 4 per cent 
for safety, although we made some at one time 

•Chief of Research Division, The New 
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in the laboratory with 0.5 per cent that was 
very good. 

Are you willing to say what the flux is for 
putting manganese in magnesium? 

A. C. Loonam. — I had a good grade of flux 
of approximately the same composition as 
Dow 230; that is, about 55 per cent potassium 
chloride, 34 per cent magnesium chloride, 

9 per cent barium chloride, and 2 per cent 
fluorspar. 

R. S. Dean. — That is more or less cell feed. 

A. C. Loonam. — There is no KCl in that. 
Apparently the flux has to be freshly made up. 
I have not had as good results with the com- 
mercial material as I had with the freshly made 
up material. It picks up moisture on storage 
and that seems to be harmful. 

R. S. Dean. — ^Did you use finely divided 
manganese? 

A. C. Loonam. — ^About minus 20 mesh. 

R, G. Knickerbocker,* Boulder City, 
Nev. — Basic Magnesium, Inc., has been 
grinding electrolytic manganese to minus 

10 mesh in iron disk grinds in order to 
prepare the metaJ for introduction into molten 
magnesium. It has reported the presence of 
MnO in this metal, which is believed may be 
formed in the grinder. It has also been reported 
that finer sizes of electrolytic manganese metal 
are produced by grinding in a liquid media, 
such as formaldehyde, in order to lessen the 
oxidation effect on the metallic particles. 

A. C. Loonam.— When I got alloying most 
readily, the magnesium was actually wetting 
the steel crucible and the steel stirring rod. 
The flux was doing a good job of cleaning. 
Unless yovL get that effect the manganese 
goes in slowly. 

R. S. Dean. — ^How much iron did you take 
in from the steel crucible? 

A. C. Loonam.— N ot much. 


• U.S. Bureau of Mines. 




Symposium on Practical Aspects of Diffusion 

Preface 

By Robert F. Mehx,* Member A.LM.E. 

(Chic8«;o Meeting, October 1943 ) 


The purpose of a symposium, I take it, 
is to gather together a group interested in a“ 
common intellectual field, in order to ex- 
change views, and to appraise the state of 
knowledge. Symposia are the more success- 
ful, the greater the activity in the chosen 
field and the wider the range of applicabil- 
ity of the information gained. From time to 
time, as emphasis changes from one field of 
research to another, a given subject may 
enjoy popularity and later retire into a 
scientific somnolence, for fashions change 
even among engineers and scientists. The 
subject of this symposium, however, enjoys 
the advantages of wide applicability and of 
high current interest and productivity in 
results. It is a timely subject for a sym- 
posium; with much new information, surely 
metallurgical engineers should now devote 
an increasing attention to its application to 
practice. 

In beginning the sympositun, I shall 
attempt briefiy to appraise our basic 
knowledge in the field, to survey instances 
of practical usefulness, and to suggest 
where new work might be mo^t productive 
of useful results. There are many examples 
of direct practical application of diffusion 
knowledge, and it is the purpose of the 
several papers in this symposium to review 
these. In this introduction I shall attempt 
to take a broad view, which, while it will 
but poorly serve the engineer in the solu- 
tion of any given problem, may perhaps be 
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of some use in assessing the state of knowl- 
edge in this fifild. 

Rate oe Dieeijsion 
Liquid Metals 

The process of diffusion among liquid 
metals, of gases in liquid or solid metals, or 
among solid metals, is ubiquitous, to say 
the least. The manufacture of alloys by the 
intermdting of metals, the addition of 
ferroalloys to molten steel, the deoxidation 
of molten alloys, all involve diffusion in the 
liquid state. The oxidation of molten copper 
for purposes of purification, the unsought 
oxidation of allo3rs generally during melting 
and casting, the reaction of liquid steel with 
oxidizing slags in the open-hearth furnace, 
the absorption of nitrogen by liquid sted, 
particularly in the bessemer furnace, all 
operate by the diffusion of gases in liquid 
metals. 

These processes have not been studied 
much from the viewpoint of rates of diffu- 
sion. AUojrs are made by melting metals 
with stirring and with allowance of time 
for mixing (which is diffusion) but I know 
of no studies that seem to define the neces- 
sary times, and though in only very rare 
cases can faulty properties of the finished 
castings be ascribec). to inadequate mixing, 
and though certainly in most cases, with 
stirring, the rate of diffusion is adequate to 
give sufEdent miadng, a more quantitative 
treatment would be good to have. It is not 
whoUy certain that thorough and suffident 
mixing is at aU times attained, for I suspect 
that ferroalloy' additions to steel, and that 
additions of aluminum to steel as a deoxi- 
dizer, espedally in the sampling of steds 
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for analysis for oxygen, may not always be 
well mixed. 

The rates that control the over-all rate of 
refining of steel in an open-hearth furnace 
comprise the rate of absorption by the slag 
of (primarily) oxygen from the gas, the rate 
of diffusion of oxygen through the slag, the 
rate of exchange of oxygen from slag to 
molten steel, and the rate of diffusion of 
oxygen in the sted. Even though turbulence 
and boiling, and convection, provide mass 
kinetic disturbances, information is needed 
on the rates of surface interchange and of 
diffusion — ^measurements are now almost 
entirely lacking, doubtless because of their 
difficulty, but they are not impossibly 
difficult.^-* The importance of these 
separate processes is greater in electric- 
furnace melting than in the open hearth, 
since stirring and convection are less severe. 
This case is obviously somewhat analogous 
to the scaling of metals in gases, and a 
similar quantitiative behavior would be 
expected. 

Surprisingly enough, very few measure- 
ments are available on the rate of scaling of 
liquid metals and alloys. While this is 
closely analogous to the scaling of solid 
metals, there are some differences — ^for 
example, there cannot be a comparable 
orientation rdationship between the scale 
and the metal with accompanying atom 
binding across the interface. It has been 
observed that very small amounts of added 
elements may provide a skin to molten 
metal which greatly retards loss of a 
volatile constituent. We may expect that 
the oxide scale or film on molten alloys 
will show complexities in composition 
similar to those exhibited by the scale on 
solid alloys. This is a field to which a worker 
could devote his whole career, for it is 
unexploited and the results of his work 
would be of practical interest. 

Solid Mefals 

The reaction of gases with solid metals 
obviously is of practical importance, since 

1 References are at the end of the paper. 


metals frequently must be annealed with- 
out perfect atmospheric protection, and 
since it is necessary to supply the engineer 
with metals for the construction of equip- 
ment which show minimum deterioration in 
use at high temperatures. A few general 
principles of wide utility are available; for 
example, the Pilling and Bedworth princi- 
ple® associating the parabolic rate of 
oxidation of metals like copper with the 
coherency of the scale maintained by the 
volume expansion accompan3dng the for- 
mation of oxide, and associating the linear 
rate of metals lUce magnesium with the 
cracking of the scale occasioned by the 
shrinking of volume on scaling; and in 
alloys, the principle that protection against 
oxidation is assisted by the addition of a 
less noble metal, which, oxidizing more 
readily than the base metal, furnishes a 
nearly pure skin of 4 he oxide of that added 
metal, providing protection. But the 
phenomena accompan3nng the formation of 
external scale on alloys are exceedin^y 
complex, particularly with respect to com- 
positional changes, for not only is the gross 
composition of the scale frequently very 
different from that of the alloy, but usually 
there are differences in composition from 
the inside to the outside of the scale, as 
also of the metal.^~* 

The parabolic rate of oxidation of metals 
is the result of the laws of diffusion; at a 
given temperature the rate of scale growth 
depends upon the concentration gradients 
of oxygen and the rate of diffusion of 
oxygen in the scale and in the metal, 
though unfortunately there have been no 
direct determinations of the rate of diffu- 
sion in oxides. Although such a simple 
analysis cannot be made for the oxidation 
of allo3rs, this is probably only because of 
the complexity in composition and phase 
relationships, and lack of information on 
diffusion coefficients and on solubilities. 

In addition to the formation of external 
scales, the oxidation of allo3rs is accom- 
panied by internal oxidation of the less 
noble constituents, a subject to which 
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F. N. Rhines^”® has contributed in recent 
years, and, as he shows in his paper in this 
S3rniposium (p. 335), the phenomenon 
is one of practical importance. The rate of 
internal oxidation, the rate of formation of 
the so-called subscale, may be analyzed 
quantitatively, at least formally, and has 
been demonstrated to conform to diffusion 
laws. The process furnishes a technique for 
the study of some of the more obscure phe- 
nomena of diffusion; for example, aniso- 
tropy in diffusion and the rates of 
grain-boundary diffusion, to which refer- 
ence will be made later. 

These studies on the rate of oxidation of 
metals and alloys have furnished much 
basic knowledge on the diffusion process. 
It is probably proper to digress here to 
remark that knowledge in a ffeld advances 
not only by fits and starts in the usual 
fashion, but often by the growth of knowl- 
edge in a parallel field: ideas on the nature 
of diffusion in solid metals have been much 
extended by findings in the field of oxida- 
tion, as in another case new ideas have been 
obtained from such an apparently remote 
field as the electrical conductivity of solid 
salts. The metallurgical scientist had better 
keep his eye not only on the metallurgical 
journals but also on the chemical and 
ph3rsical journals I For example, the phase 
**FeO,” wfistite, formed on iron by oxida- 
tion above 570^0., is a solid solution in 
which there are vacant lattice positions, 
lattice points which in a fully devdoped 
lattice would be occupied by iron atoms 
the growth of this scale proceeds by the 
diffusion of iron, not oxygen atoms, through 
this lattice; a similar circumstance occurs 
in CusO and other oxides. This phe- 
nomenon has led to the assumption of 
vacant-lattice-point diffusion — *^hole dif- 
fusion” — ^in metals, which at least in some 
cases appears to have been confirmed. 

Thin Films 

It may be taken, then, that there are no 
apparent major mysteries in the formation 
of scales, but for thin films — ^films up to 2000 


A. thick — the parabolic law fails, and an 
exponential law is obeyed, not reconcilable 
in a simple way with diffusion laws.^^ 
These films, of such importance in corro- 
sion and oxidation behavior, certainly 
require further study. It is possible that a 
new art is appearing of the deliberate 
creation of special surface films, for, 
arguing from the electrical conductivity 
of compounds, Price and Thomas” pro- 
duced a method to coat silver with an 
invisible film of AI2O8 by controlled oxida- 
tion of silver containing small amotmts of 
aluminum, which providi.es a high degree 
of tarnish resistance. I understand that this 
method has found but little practical 
application, yet the method is very promis- 
ing. Practical results of this sort should 
appear increasingly as continued research 
improves our knowledge of the process of 
oxidation. 

Carburizing, Decarburizing 
AND NiTRIBING 

Carburizing, decarburizing, and nitrid- 
ing are also examples of the reaction of 
metals with gases with accompanying 
diffusion. The arts are far advanced, but 
it appears that continued advance in 
science will assist the art.^’ It has long been 
known that carburizing is a process of 
surface absorption of carbon from car- 
burizing gases and the inward diffusion of 
this carbon. The factors that control this 
rate, **however, have been rather obscure, 
despite attempts at analysis. In a formal 
way it is apparent that there are two 
processes, either of which, whichever is 
the slower, may determine the ov’er-aU 
rate — ^namely, the rate of absorption of 
carbon at the surface — and the rate of diffu- 
sion inward. If the rate of absorption at 
the surface is the more rapid, the surface 
will immediately attain and retain that 
carbon concentration in austenite which is 
in equilibrium with the gas employed at 
the temperature chosen; and this is, of 
course, readily subject to simple test. 
Some gases, especially the hydrocarbon, 
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behave in this way. If this condition ob- 
tains, the course of the curve of carbon 
concentration away from the surface, and 
the variation of this with time and tem- 
perature, should be calculable with preci- 
sion from the rate of diffusion of carbon. 
The rate of carburization should thus be 
determined by the equilibrium concentra- 
tion at the surface and the rate of diffusion. 
Good concentration penetration curves in 
carburizing are surprisingly scanty in the 
literature, but some excellent curves have 
been obtained recently by F. E. Harris.^^ 
Given the surface equilibrium concentra- 
tion of carbon, the curve of carbon con- 
centration should slope off to lower values 
toward the center of the piece, following a 
sagging course, as required by the prob- 
abilit}'’ function for these boundar}’’ condi- 
tions. Observed ctirves do not depart much 
from the theoretical, but do show a slower 
rate of decrease near the surface than re- 
quired by theory. It has been hard to 
understand this in the past, and extraneous 
reasons have been sought, but this now 
appears unnecessary. The simple curve of 
the probability function is drawn assuming 
the diffusion coefficient D to be invariant 
with concentration.^® Measurements by 
C. Wells, however, show that D in- 
creases with increasing carbon, up to one 
per cent carbon, beyond which his meas- 
urements did not extend. If it may be 
assumed that D continues to increase and 
at an accelerating rate toward the limit of 
solubility of carbon in gamma iron, in a 
manner similar to that observed for the 
alpha solid solutions of copper, it will 
attain fairly high values at this limit, the 
surface concentration in the carburized 
piece. And such high values at these con- 
centrations, when used with the probability 
function to calculate the penetration curve 
would provide the course observed in the 
experimental curve.^® 

Since it has been observed that D for 
carbon in gamma iron is unaffected by 
grain size, impurities, or alloying additions 


in the amounts commonly used in heat- 
treating steels,^ it might be suspected that 
various steels, including alloy steels, would 
carburize at the same rate when allowance 
is made for the variations in equilibrium 
solubility occasioned by alloy additions, 
and Harris was able to show that this is 
indeed the case. The practical problem of 
carburizing has thus been very greatly 
simplified. Similar analyses could readily 
be applied to decarburizing and nitriding. 

Diffusion of Gases through Metals 

Simple diffusion of gases through metals, 
in the absence of scale or subscale forma- 
tion, has been studied, especially hydrogen 
in palladium, iron, etc.^® The paper by 
F. J. Norton and A. L. Marshall (p. 351) 
deals with this kind of diffusion. 

The diffusion of hydrogen in iron and 
steel is of great practical importance, in 
pickling, and especially in the generation 
of flakes in steel and in their prevention. 
The mechanism is certainly not simple, for 
the absorption of hydrogen frequently 
creates structural disturbances — ‘‘rifts/'®® 

The diffusion of gases through metals is 
expressed ordinarily in terms of a perme- 
ability coefficient, which at once includes 
not only the diffusion coefficient but also 
the rates of absorption on one side of a 
metal septum and the rate of desorption 
on the other. We should have more data 
where these rates are separately determined 
and where the diffusion coefficient is prop- 
erly calculated for a known concentration 
gradient. 

Diffusion in soHd metals is the chief 
interest of the physical metallurgist, of 
'course. The data on this subject are far 
more complete. 

Freezing of Alloys 

It will be recognized that the freezing 
of alloys requires diffusion — as Miss 
Gayler points out (p. 372), castings of 
"alloys could not be made without it. The 
separation of the initial solid phase is ac 
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companied by a change in the composition 
in the liquid; as freezing proceeds diffusion 
in both solid and liquid phases continues. 
If this diffusion were in^itely rapid, the 
frozen aUoy would be homogeneous; since 
diffusion in both phases is characterized by 
finite, not infinite, rates, the cast alloy — 
ingot or casting — is not homogeneous; 
segregation occurs, creating a structure 
which on the gross scale shows differences 
in composition from outside to center and 
on the fine scale shows the familiar coring 
associated with dendritic segregation. Lit- 
tle can be done to control this practically, 
and the engineer perforce accepts this 
segregation as characteristic of the alloy 
he is casting. The casting may be subse- 
quently annealed, and the ingot may 
be subsequently worked and annealed, 
treatments which through the opera- 
tion of diffusion tend to smooth out the 
variations in concentration characterizing 
the segregation. While gross ingot segre- 
gation responds ineffectively to this treat- 
ment, because the distances over which 
diffusion must operate are extreme, coring 
does respond in many alloys. Cold-working 
or hot-working breaks up the pattern of 
segregation, tending to sharpen local con- 
centration gradients, much assisting diffu- 
sion upon subsequent annealing. Some 
alloys, particularly alloy steels, are very 
little responsive, however, for though the 
segregation of carbon can be practically 
eliminated, the dendritic segregation of 
alloy elements is very unresponsive toward 
annealing treatments, owing, it would 
seem, to their characteristically low rate of 
diffusion. Apparently at the moment we 
must suffer this type of segregation in 
alloy steels. 

Homogeisuzaxiok 

The quantitative treatment of the 
homogenization of cast alloys is analogous 
to that of the homogenization of mixed 
powders. These two cases differ only in the 
fact that the cast alloy possesses points of 


high and low concentration with concentra- 
tion gradients between, whereas in mixed 
powders the initial compact is a mixture of 
the powders of two pure metals. Homo- 
genization in either case consists in inter- 
diffusion with the aim of producing a 
homogeneous alloy. The rate of homogeniz- 
ing is determined by the initial concentra- 
tion differences between the points of high 
and low concentration, the distances 
between these points, which together serve 
to define the concentration gradient, and 
the structural disposition and arrangement 
of these points.®^ 

Eyen if the geometry of the points, the 
initial concentration differences, and the 
diffusion coefficients are all known, the time 
rate of homogenization cannot be cal- 
culated, for the boundary conditions are 
complex and a solution to the diffusion 
law is not available; this matter will be 
mentioned later. Yet in the lack of a full 
solutiofi, comparative rates can be estab- 
lished, For mixed powders, the effect of 
particle size on the rate of homogenization 
can be calculated, by assignment of dis- 
tance and concentration indices to describe 
the system. Since the rate of diffusion 
invariably follows an exponential tempera- 
ture law, with a plot of the logarithm of D 
against the reciprocal of the absolute tem- 
perature yielding a straight line,^® and since 
the variation of the rate of homogenization 
with temperature is determined only by the 
variation of D with temperature, the 
logarithm of the rate of homogenization 
(expressed as the reciprocal time to obtain 
a certain degree of homogenization) also 
plots against the reciprocal of the absolute 
temperature as a straight line. The rate of 
homogenization at two temperatures thus 
serves to establish the whole temperature 
course, and this is a result of easy practical 
application. In passing it should be noted 
that no wholly satisfactory method of 
describing the state of heterogeneity in an 
alloy has as yet been proposed, though it 
would be extremely useful, especially in the 
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Study of the factors affecting the harden- 
ability of alloy steels.®® 

Diffusion in Treatment of Metals 

The examples of the operation of the 
process of diffusion in the fabrication and 
treatment of metals are exceedingly numer- 
ous and diverse. It would serve no purpose 
here to review them all. Generally, in any 
alloy where there is solid solubility and 
where concentration differences occur, 
diffusion, however limited or extensive, 
will obtain. I shall here only select a few 
examples. 

The simplest case is that of dad metals, 
to which attention will be directed by the 
paper of F. Keller and R. H. Brown (p. 
377) and that of A. A. Smith (p. 387), 
or metals heated in media which, as in 
carburizing, add an dement to the 
surface, which I. R. Elramer will de- 
scribe.* What has been said concerning 
carburizing largely applies here; when 
intermediate phases occur, these will be 
subject to simple metallographic prindples 
already well known, though the rates at 
which these form, ob^ring diffusion laws 
only appro»matdy, hint at some hidden, 
unrecognized effect.®* The field of protec- 
tive metallic coatings has been much 
exploited, and doubtless will be even 
further devdoped.®* 

The loss of a volatile component metal 
on the heating of an alloy, exemplified by 
the dezincing of alpha brass, is also an 
example of diffusion. The calculation of the 
rate of loss of zinc upon dezincing from the 
diffusion coeffident is easy — or, conversdy, 
the calculation of the D from the rate of 
loss of Zn — and this would seem to be a^ 
simple method to determine D.®® Yet the 
results from several workers appear to vary 
extremdy, by as much as 10® in the value 
of D, and in no case is the value satisfyingly 


near to the value determined by the more 
ordinary method.^^ This is an important 
problem, which should be subject to 
minute study. 

Both of the two major types of trans- 
formation in metals and alloys — ^predpita- 
tion from solid solution and eutectoid 
decomposition — ^proceed by nudeation and 
growth, each of which requires diffusion. 
Diffusion sdence has been applied in these 
subjects only in an attempt to gain an 
increasing knowledge of the nature of the 
processes; it has not as yet offered much by 
way of results for practice. The process of 
age-hardening is more complicated than it 
was once thought to be.®® 

The hardening process itself is now 
known to be related to the formation of 
predpitate particles, the lattice of which is 
coherent with the matrix; this is a matter 
of lattice geometry, and the extent of 
hardening in a given time period of aging is 
as much dependent upon the lattice 
geometry (of matrix, transition lattice and 
equilibrium predpitate), which provides 
and maintains lattice coherence, as it is 
upon the rates at which nuclei of precipi- 
tate form and grow.®^ But even a measure 
of the volume of the predpitate, taken as a 
measurement of the true rate of aging, does 
not give really useful data, for the volume 
is determined by the rate of nudeation, by 
the size of the nudei, and by the rate of 
growth, none of which can as* yet be deter- 
mined.®* Even if values for them were 
available, not much further progress would 
be had, for it appears dear tihat knowledge 
of the surface energies of the partidpating 
phases is required to calculate rates of 
nudeation and this is not available.®® In the 
theoretical expresdon for the rate of 
nudeation as devdoped by Becker®® the 
activation heat of diffusion Q is only one of 
the factors. The fact that a plot of the 
rate of aging versus the redprocal of the 
absolute temperature gives a straight line 
(analogously to a plot of D vs. i/T ) — a fact 
that at first suggested that the rate of aging 


* See end of symposiuni. 
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is determined by jD, and that in some cases 
the temperature coefficient of the rate of 
aging is the same as for D — ^must now be 
held to be only a rough approximation.®® 

Careful study shows that linearity not 
always obtains, and any correspondence 
between the P-values is largely fortuitous. 
The best we can do at the moment in 
correlating diffusion and aging rates is to 
point out in a qualitative sense only that 
aging rates increase with temperature 
approximately exponentially, whereas D 
increases precisely exponentially, and that 
in various systems, and speaJdng quite 
roughly, the rate of aging at a given tem- 
perature is the greater the lower the melting 
point of the alloy, which is also true for Z>. 
Progress in this field in the near future is 
likely to be restricted to the geometry of 
lattices, with the energetics of the process 
left until there have been further advances 
in the physics of the solid state. 

The formation of pearlite from austenite 
is one of segregation; pearlite, composed of 
lamellae of alpha iron and cementite, forms 
from the homogeneous solid solution 
austenite, and thus the diffusion of carbon 
is required. Pearlite forms by a process of 
nudeation and growth. The rate of nudea- 
tion, a readily determined quantity, cannot 
now be calculated, for though the concen- 
tration fluctuations in austenite might be 
calculated adequatdy, the difficulty of sur- 
face energies appears again. The rate of 
growth would seem to be a simpler matter, 
for here we need only to set up the problem 
of the distance over which diffusion must 
operate, the interlamellar spacing, and 
provide a proper solution to flck's law for 
the case, and finally, knowing D, calculate 
the rate of growth. But it has not been 
possible to solve this problem mathe- 
matically; 1 shall later suggest a method of 
attack. 

Despite these limitations, a study of D 
for carbon in austenite has yldded some 
fruit. It has been shown that D does not 
vary with austenite grain size, and corre- 


spondingly it has been observed that the 
rate of growth does not vary with grain 
size;^®'*®'®^ it has been shown that alloying 
elements diffuse far more slowly than car- 
bon,®® and, since in alloy* steels not only 
carbon but also the alloying dement must 
diffuse, alloying elements greatly decrease 
the rate of growth. Further progress here 
wHl depend also on new knowledge of the 
physics of the solid state that will permit 
us to calculate the rate of nudeation, and 
new mathematical analyses that will pro- 
vide the rate of growth. 

Electrical Analogue Method 

It has been pointed out several times 
that diffusion data cannot now be applied 
to many problems because of indeterminate 
boundary conditions under which diffusion 
operates and owing to a lack of a solution 
to Pick’s law under some complex boundary 
conditions. The practical problem cannot 
be analyzed mathematically because of 
its complexity. There is available now, 
however, an experimental method of far- 
reaching engineering importance, which 
frequently can be employed in such cases. 
This is the dectrical analogue method, as 
practiced by V. Paschkis.®®*®^ This method, 
in which Fourier’s law of heat flow (termed 
Fick’s law when applied to diffusion) is 
simulated in an experimental apparatus 
by analogous dectrical drcuits, with tem- 
perature represented by voltage, heat 
capadty by dectrical capadty, and thermal 
conductivity by dectrical conductivity, 
furnishes automatic records of temperature, 
avoiding complicated mathematical analy- 
ses. The method has been applied to many 
practical engineering problems with suc- 
cess. Its application to diffusion problems 
is as direct as to heat problems, for both 
diffusion and the flow of heat obey Fourier’s 
law. No use has yet been made of the 
method in the fidd of diffusion in metals, 
but it should greatly widen the possibili- 
ties of the engineering application of 
dMusion knowledge. 
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Application of Diffusion Knowledge 
TO Practical Problems 

Applications of diffusion knowledge to 
practical problems fall into two categories: 
first, direct application, where a result of 
practical importance is 3delded directly; 
second, indirect application, where knowl- 
edge of the diffusion problem yields a better 
understanding of the process concerned. 
This second type of contribution should 
not be hdd lightly, though the engineer 
often tends to, for knowledge, 3delding 
understanding, bestows upon the worker a 
discriminating intelligence in an approach 
to a practical problem; and scientific facts 
will, conversely, prevent him from under- 
taking hopeless approaches to a problem, 
—for example, without our present knowl- 
edge of the rate of diffusion of carbon in 
austenite and the factors which affect it, 
doubtless many of us would be attempting 
to produce steels of more rapid carburizing 
power by altering the austenite grain size. 

Scientific Knowledge of Diffusion 

Perhaps we should then, finally, con- 
sider the state of our scientific knowledge 
of diffusion. 

The theory of the atomic mechanism of 
diffusion is in rather good shape. The old 
difficulty in the mechanism of atom inter- 
change on lattice points^^ is beginning to 
resolve itself by the development of the 
^*hole” theory of diffusion, which, at least 
in the case of sdf-diffusion in copper, 
appears to be on firm ground,*®**® 

Our theory of the physical factors deter- 
mining the value of D in various solid solu- 
tions, however, is primitive; it rests upon 
studies in only a few systems, and can 
proceed no further at the moment than to 
state that D is the greater the farther the 
solute from the solvent in the periodic 
table; Le., the greater the chemical affinity 
between solute and solvent. These values 
of D are practically exclusively for terminal 
solid solutions; no trustworthy data have 


been reported for intermediate solid solu- 
tions. To further our knowledge of the 
physical factors determining the value of D, 
since all theoretical calculations on the 
solid state are difficult, a more far-flung 
experimental attack should be undertaken 
— ^more determinations of D in more 33^3- 
tems. This is laborious and exceedingly 
time-consuming, though not difficult; it is 
a data-gathering job, comparable to so 
many others in science, for which society 
has never provided an adequate organiza- 
tion, and I suspect we shall stagger along 
as a scattering few assume the task. It 
would be good to have rapid methods to 
determine D, so that data collecting could 
proceed apace, but such methods must be 
able to determine D at various tempera- 
tures and in variation with concentration, 
else they will supply average D-values of 
little and deceptive usefulness. 

Those soHd solutions that have been 
thoroughly studied — e.g., carbon in aus- 
tenite, zinc in alpha brass — show that D 
varies markedly with concentration, and 1 
suspect it may do so in nearly every case. 
The rise of D to very high values near the 
limit of solid solubility is a striking phe- 
nomenon, of imcertain meaning. The sug- 
gestion that the variation of D with 
concentration originates in the variation 
of the thermodynamic activity coefficient 
with concentration hardly seems acceptable 
on either scientific or factual grounds. We 
have already*^ seen that a high value of 
D near saturation is important in the prac- 
tical matter of carburizing. 

Our information on the effect of grain 
size upon D is in a very unsatisfactory 
state. In some cases the observed average 
D varies with grain size, and in others it 
does not.*^ Our most complete information 
is on the system tungsten-thorium, of 
considerable importance to the physicist 
but of little importance to the metallurgist. 
Even when the effect is recognized, our 
conception of grain-boundary diffusion is 
not dear.*® Is the faster rate of diffusion at 
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the grain boundary restricted to a grain- 
boundary region only a few atoms thick, 
or does it extend over many atoms? Is the 
rate at a maximum precisely at the grain 
boundary, falling off away from the 
boundary until it assumes the value of the 
volume diffusion? Is the rate at the grain 
boundary influenced by the relative orienta- 
tions of the two neighboring grains, and at 
a maximum perhaps when this is greatest? 

When there is an appreciable difference 
between D at grain boundaries and within 
the grain, a Z)-value measured on a poly- 
crystalline aggregate is an average value; 
but it is not yet known how this average 
may be calculated from the separate 
/^-values. Grain-boundary diffusion is very 
important, for we observe so many proc- 
esses that are much more rapid at the 
grain boundary; for example, the nudea- 
tion of pearlite. It is possible, as Rhines 
points out,®*®® that the rate of diffusion at 
grain boundaries becomes increasingly 
greater than that within grains as the 
temperature falls; this suggestion is impor- 
tant, and there should be much work done 
on it. Rhines’ method of employing internal 
oxidation to detect this difference, though 
qualitative, offers a promising approach. 

Nor is there much information on the 
anisotropy of diffusion. Our only good 
quantitative data are for self-diffusion is 
bismuth, and we need similar data for 
metals and alloys of commerdal usefulness. 
While it appears that diffusion should be 
isotropic in cubic metals^® qualitative 
observations on the diffusion of copper in 
aluminum suggest an anisotropy;^^ this is 
practically of importance, for if it were 
general the preferred orientations of worked 
and recrystallized metals must be taken 
into account in applying diffusion data. 
It is possible that the anomalies in the rate 
of growth of intermediate phase layers 
mentioned earlier may be associated with 
such an anisotropy, though grain-boundary 
diffusion and grain reorientation may also 
be operative. The problem of anisotropy 


can best be attacked by employing single 
crystals — indeed, far too little work on 
diffusion in single crystals has been at- 
tempted. Such work would yield informa- 
tion quite free from the ambiguity which so 
frequently attaches itself to work on aggre- 
gates, in which anisotropy and grain- 
boundary diffusion are associated in an 
indeterminate mixture. Related to diffusion 
in metals with preferred orientations, the 
effect of cold-work on D requires much 
further study; there have been no quantita- 
tive measurements. The difficulty, of 
course, lies in technique, since heating to 
provide diffusion to a degree that can be 
measured destroys cold-work; it is neces- 
sary to measure D at very low tempera- 
tures, requiring the special techniques of 
electron diffraction or radioactive tracers.®^ 
It would be pleasant to have a plot of D 
versus percentage cold-work. 

This field is one of the important fields in 
metallurgical engineering and science. 
Knowledge of diffusion can solve practical 
problems directly, and has done so, and it 
has increased and will continue to increase 
understanding in many fields apparently 
unrelated.’If it is true, as I sometimes think 
it is, that the profession of metallurgy 
suffers a bit from a sort of schizophrenia — 
half science and half engineering-r^we 
should try to alloy these halves more 
completely, with really good science 
anxious to minister to really good engi- 
neering, and with good engineering freely 
demonstrating its interest and its debt to 
good science. 

I think we shall continue to face the 
necessity of developing much of our own 
basic science, for while ph3rsicists and 
chemists have contributed much to metal- 
lurgy, any study of the history of the main 
branches of the science of metals discloses 
that the workers directly or indirectly allied 
to the metal industries We contributed by 
far the more; but we must be busier at 
developing our science of metals, and we^ 
must do much better work. And our 
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engineering should be more independent 
of other branches of engineering, attempt- 
ing to create a true branch of modem 
engineering out of its present science and 
its present practical information. Engineer- 
ing and science — ^both of these are our 
responsibility. 
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The Influence of Gas-naetal Diffusion in Fabricating Processes 


By Frederick N. Rhines,* Member A.I.M.E. 
(Chicago Meeting. October, 1943) 


Because of the nature of the environ- 
ments in which metals are handled, it is 
natural that gases should be suspected of 
intruding into metallurgical operations, 
there to produce effects both beneficial and 
detrimental. The problem of tracing and 
controlling such effects is often made 
difficult by the complexity of the condi- 
tions surrounding their occurrence, even 
though the fundamental mechanisms in- 
volved may be simple and of familiar type. 
Many gas-metal reactions are known to be 
implemented by processes of diffusion. 
These form a homogeneous group of 
phenomena which become more readily 
understandable when viewed together, in 
that the knowledge gained from one serves 
to interpret the next. 

It is the purpose of the present paper to 
present, by means of examples drawn from 
practice, a brief survey of the ways in 
which gas-metal diffusion serves and 
obstructs the purposes of the metal- 
fabricating industries. The selection of the 
cases described was made by consulting 
more than thirty-six practicing experts 
whose combined experience provided an 
extensive coverage of the field and who 
were in a position to supply examples of 
occurrences of present-day interest. The 
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response was generous and it is regrettable 
that space permits the description of only 
a limited number of typical examples with 
but brief mention of parallel cases. 

The Nature of Gas-metal Diffusion 

The term “gas-metal diffusion,*’ al- 
though commonly used, is ambiguous in so 
far as it implies that a definite group of 
substances may be identified as gases and 
may be expected to behave in a manner 
distinct from other substances in associa- 
tion with metals. “Gases” such as oxygen 
and hydrogen when diffusing through a 
liquid or solid metal are properly com- 
ponents of the liquid or solid solution; they 
behave as alloying elements and are not to 
be distinguished in their diffusion charac- 
teristics from other elements, except that 
each has an individual rate of diffusion. 
On the other hand, a niunber of metals In 
certain temperature ranges are volatile to 
the extent that “they may appear in the 
form of vapor in metallurgical operations. 
For the sake of greater definiteness,, there- 
fore, it will be convenient to regard as 
“gas-metal diffusion” any process in which 
the result depends' upon one or more of 
the diffusing elements appearing, at some 
stage, in the gaseous state, or as a com- 
pomd gas. 

No Element, gaseous or otherwise, can 
diffuse through a liquid or solid metal 
unless it is at least slightly soluble in that 
metal. The dements of low atomic number 
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such as hydrogen, oxygen, and carbon are 
believed to diffuse interstitiaJly; they have 
relatively high rates of diffusion in the 
metals in which they are soluble. This is the 
one characteristic that may be said to set 
the “gases” in a unique dass as regards 
diffusion behavior. 

It is highly improbable that any sub- 
stance can diffuse through a solid in the 
molecular form.^ Such diatomic and poly- 
atomic gases as H2, O2, CO, CH4, must 
dissodate when they enter the metal and 
reassodate upon being expdled. Consistent 
with this view is the observation that 
deliberatdy dissodated gases are absorbed 
by metals much more rapidly than are 
initially molecular gases and the saturation 
limit is much higher.* 

As the degree of dissociation of a gas 
increases with the temperature, the rate of 
its absorption by the metal increases 
correspondingly. 

The rate of diffusion of a gas into a metal 
rises likewise with the partial pressure of 
the gas up to the dissodation pressure of 
the ffrst stable compound that forms 
(thereafter it increases only if the gas is 
soluble in the compound) ; this is equivalent 
to saying that the amount diffused in- 
creases with the concentration head where 
the maximum head is that provided by 
the solid solution in equilibrium with the 
compound. Rates of diffusion are also 
subject to the accderating or retarding 
influence of alloying dements and to 
increase by cold-work. 

These prindples will be found to apply 
in all of the cases about to be described; the 


^ References are at the end of the paper. 

* Ballati and Ltissana^ and others have 
shown conclusivdy that nascent hydrogen 
produced at the outside of an iron pressure 
vessel will diffuse through the iron mto the 
chamber against a high pressure of contained 
molecular hydrogen and still further raise its 
pressure. When the atomic hydrogen leaves 
the iron at the inside of the chamber it re- 
associates to molecular hydrogen (Hi) and 
atomic hydrogen (H+) does not accumulate. 
Thus a diffusion gradient favoring the inward 
diffusion of atomic hydrogen is maintained. 


more specialized chajracteristics of “gas 
metal diffusion” will be pointed out as the 
need arises in connection with individual 
processes. 

Gases in Molten Metals 

It is generally observed that liquid 
metals become “gassed” more rapidly 
when overheated.* Accelerated “gassing” 
at high temperatures may result from one 
or more of several causes: (i) greater 
solubility of the gas, (2) more rapid diffu- 
sion, or (3) a greater portion of the gas in 
the atomic rather than the molecular state. 
Increased solubility has probably been 
overemphasized as an explanation of 
“gassing”; much of the experimental 
evidence on gas solubility limits is open to 
question upon the basis of false equibbria. 
On the whole, it appears more bkely that 
accelerated gas absorption is the result 
of more rapid diffusion and, in some cases 
at least, of the presence of gases in the 
more active atomic form, capable of dis- 
solving beyond the stable solubility limit. 

Hydrogen is absorbed in significant 
quantities by almost all of the common 
metals except those of the “white metals” 
class. Moreover, most metals appear to 
absorb hydrogen more rapidly from water 
vapor than from hydrogen gas itself; pre- 
sumably, nascent hydrogen is released in 
contact with the metal when a metal oxide 
is formed by the oxygen of the water mole- 
cule. Thus the presence of water vapor is 
perhaps one of the most common causes of 
the “gassing” of metals. There is a cen- 
turies old saying among bronze founders 
to the effect that “sound castings cannot 
bfe made when it thunders.” The implicar 
tion is dear, that humidity causes “gas-' 
sing.” Sometimes epidemics of “gassy” 
metal in ^the foundry occur in periods of 


* In this connection the term gassing*’ will 
be understood to apply toHhe ^sorption of 
substances that may be rdeased as gases at the 
time of freezing. 
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low humidity, but when related to weather 
conditions over an extended period are 
found to follow at more or less regular 
intervals after periods of excessive in- 
clemency. Xhe explanation in such cases 
may be that ingot stored in imperfectly 
protected places acquires an adsorbed film 
of moisture, or corrosion product, which is 
released, or decomposed, some time later 
when the ingot is melted. Preheating the 
ingot in an open place before melting some- 
times reduces “gassing.” 

The noble metals, particularly silver, 
may be “gassed” in similar fashion by 
oxygen; exposure to air either dry or moist 
will introduce significant quantities of 
oxygen into silver. Nitrogen appears to dis- 
solve in detectable though relatively small 
quantities in liquid metals of the iron 
group and, indeed, in most of the metals 
of the higher periods. There is some reason 
to believe that nitrogen may be involved in 
the “gassing” of iron itself, but there is 
scant information with regard to other 
metals commonly handled in the foundry. 

Analyses of the gases extracted from a 
number of metals have tended to show the 
presence of a wide variety of gases. These 
observations, so far as they may be applied 
to the production of porous castings, should 
be accepted with reservations. Considering 
the existing mass of published observations 
as a whole, it appears reasonably certain 
that each metal is subject to appreciable 
“gassing” by a very limited number of 
gases. Thus aluminum probably is not 
sensitive to gases other than hydrogen; 
copper to gases other than hydrogen and 
sulphur dioxide, and so on. In this connec- 
tion it should be observed that compound 
gases appear to be absorbed only when 
both component dements are individually 
soluble in the metal to an appredable 
extent. 

Degc^ssing of Liquid Metals 

For the removal of dissolved gases from 
metals, there are two common methods, 


which dearly involve diffusion of the gas. 
The first of these, “fluxing” with an 
insoluble gas, is illustrated by the practice 
of bubbling chlorine through aluminum to 
remove hydrogen. A large area of oxide- 
free metal surface is provided by the 
chlorine bubbles and the hydrogen back 
pressure within each bubble is very low. 
Thus a hydrogen concentration gradient is 
provided between the hydrogen-rich metal 
and the hydrogen-poor atmosphere of the 
bubble and the contaminating gas diffuses 
out of the aluminum. Any gas, except one 
carrying hydrogen, that does not form a 
reaction film on the aluminum may be sub- 
stituted for the chlorine, but oxygen and 
air are inferior, because the aluminum oxide 
film formed provides a barrier to the out- 
ward diffusion of the hydrogen. The fact 
that appreciable quantities of gas are re- 
moved from aluminum in a few minutes by 
this method provides striking evidence of 
the rapidity of the diffusion of hydrogen in 
molten aluminum. 

A second method of removing dissolved 
gases involves slow freezing with stirring. 
Gas solubilities generally fall to low values 
abruptly at the freezing point of the metal; 
the major part of the gas is concentrated by 
diffusion into the residual liquid and 
eventually is evolved when the saturation 
limit is exceeded. It is not absolutdy essen- 
tial that the metal be frozen slowly or that 
it be stirred meanwhile; the soluble gas 
content of most metals may be materially 
reduced simply by double melting where 
the only special precaution taken is to 
avoid overheating and preventable access 
to contaminating gases during the final 
melting operation. Secondary metals, if 
free from moisture and corrosion products, 
often yield less “gassy” castings because 
they have been melted twice. Apparently, 
a gas such as hydrogen released as bubbles 
ir the first freezing cycle assumes the mo- 
lecular form and is not quantitatively re- 
absorbed during remelting, but largely 
escapes from the molten bath. 
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Gas Evolution in Castings 

The manner of release of dissolved gases 
during the freezing of a casting is subject 
to wide variation, depending upon: (i) the 
constitution of the gas-metal system, (2) 
the gas concentration, (3) the presence or 
absence of nucleating surfaces and (4) the 
rate of freezing. Where the metal becomes 
supersaturated above the melting point, 
gas bubbles may appear in the liquid, but 
their initiation is unlikely except at 
nucleating surfaces such as particles of 
floating solid matter or mold walls. Some 
of the gas so released may rise to the top 
and escape; bubbles forming on impervious 
mold walls more often remain as “surface 
blows.” In the copper alloys industry, in 
particular, it is found that a stream of 
molten metal flowing down the side of the 
mold deposits large gas bubbles, which 
grow with the quantity of metal passing 
over a particular area of mold surface. 
For this and other reasons it is found best 
to introduce the stream of molten metal in 
such a way that it does not flow down a 
side of the mold. Excess gas, if released in 
the melt, is then in a more favorable posi- 
tion to escape 

Where the quantity of gas dissolved by 
the melt is initially bdow the saturation 
limit it is not evolved until sufficiently 
concentrated in the residual liquid by the 
partial freezing of the mdt. The solid 
generally has a lower capacity for , dis- 
solving gases than has the liquid; as crystals 
form, the gas is rejected and becomes con- 
centrated at the liquid-solid interface, 
establishing a gradient which promotes its 
diffusion into the remaining body of the 
liquid. Ultimately the saturation limit is 
reached and gas bubbles are formed upon 
nucleating solid surfaces. The physical 
effects of such release of gas in a partly 
frozen mass differ widdy, dependent upon 
the quantity of gas rdeased and upon the 
geometrical forms of the openings among 
the aystals. 


If the quantity of gas is large and it is 
released before a bridging network of solid 
has formed, much of the gas may escape 
through the top of the casting, occasional 
bubbles bdng caught under overhanging 
ledges of solid. A familiar example of this 
is to be found in the rimming action of 
unskilled steel ingots. Carbon and oxygen 
concentrated in the liquid just in advance 
of the growing crystals are rdeased in the 
form of carbon monoxide gas, which laigdy 
rises to the top of the ingot. A small part 
of the carbon monoxide is trapped beneath 
dendrite arms of columnar crystals growing 
into the mdt all along the surfaces of the 
ingot and remains in the form of dongated 
horizontal gas pockets in the solid metal. 

A large volume of gas rdeased after an 
extensive network of solid has formed may 
result in the behavior variously known as 
“spitting,” “sprouting” or “throwing a 
worm.” The gas trapped within the net- 
work of dendrites increases in pressure 
until it drives some of the last remaining 
liquid out through the nearly solid upper 
surface of the casting. Instances of this 
kind of action are met where silver has 
been gassed with oxygen or where copper 
has been overpoled and contains an 
excess of sulphur. 

Smaller quantities of gases usually act 
to modify the natural shrinkage behavior 
of the metal. It is possible to have the 
volume of rdeased gas exactly compensate 
for the shrinkage experienced by the metal 
during freezing. When this occurs it is 
usually found that the gas tends to decen- 
tralize shrinkage and forms minute bubbles 
wdl distributed through the solid. Flat-top 
wirebar of tough-pitch copper is made by 
carefully adjusting the oxygen and sulphur 
content of the metal so that the critical 
amount of gas is present. It has also been 
found that difficult permanent mold cast- 
ings of aluminum and sand castings of 
certain copper alloys, particularly those of* 
the silicon bronze Jtypt, can be made by 
controlled gassing; when adequate risers 



FREDERICK N. RHINES 


339 


cannot be used, shrinkage may sometimes 
be reduced by carefully overheating the 
metal until it is gassed just to the necessary 
ertent. 

Under other conditions small quantities 
of gases appear to exaggerate interdendritic 
shrinkage. Apparently gas accumulating 
in shrinkage cavities prevents further feed- 
ing of liquid metal into the opening. This 
often results in the formation of long chains 
of interconnecting voids. Normally such 
voids are not open to the external surface 
of the casting, but when the surface is cut 
away in dressing or machining the casting 
they are uncovered and the metal is found 
to be porous in a pressure test. 

It is interesting to reflect that, although 
most kinds of ingots contain some gas, 
either in microshrinkage cavities or in blow- 
holes, sound wrought products can usually 
be made from the ingot. In many cases, the 
pores appear to weld completely during 
working and the gases vanish. Perhaps this 
should be expected as a result of the high 
rate of diffusion at hot working tempera- 
tures', the increase in pressure caused by 
compressing the cavities and the fact that 
the gases present are likely to be those that 
entered initially by diffusion through the 
metal and therefore should be capable of 
diffusing out again. This seems to argue 
that blisters in wrought products must be 
caused either by the presence .of insoluble 
gases (perhaps carried in during pouring) 
or by the segregation of soluble gases in 
pockets too large to permit escape by 
diffusion or in which an obstruction to 
diffusion, such as an oxide fllm, has 
appeared. 

Gases in Soud Metals 

To a limited ettent the "gases” present 
in solid metals are those absorbed at the 
time of melting and not evolved during 
freezing; there is ample opportunity, how- 
ever, for the further introduction of 
"gases” in the course of the many and 
diverse heating opetations to which metals 


are subjected in the course of fabrication. 
It is possible, under special conditions, to 
introduce gases even at room temperature. 
In general, the capacity of solid metal to 
dissolve gas is less than that of the liquid 
and the diffusion rate is slower, but the 
effects produced are by no means cor- 
respondingly less significant.' 

' Hydrogen 

As with liquid metals, hydrogen is 
absorbed in solid metals most rapidly 
when supplied in the dissociated form. 
Thus high temperatures, the presence of 
water vapor or its equivalent, the release 
of nascent hydrogen by chemical reaction, 
as in pickling or electrolysis, all promote 
contamination with hydrogen. The prac- 
tical results of hydrogen absorption, in the 
absence of other reacting substances, arise 
chiefly from its influence as an alloying 
element (which differs greatly from metal 
to metal), from volume changes and from 
effects associated with the subsequent 
evolution of gas. 

Perhaps the best known of these is the 
hydrogen embrittlement of ferrous mate- 
rials. This is encountered chiefly upon the 
exposure of the metal to nascent hydrogen 
at or near room temperature. When the 
source of contamination is removed, the 
gas gradually diffuses out of the metal 
and the original ductility is largely re- 
covered; heating in the absence of hydrogen 
hastens the return to normal properties. A 
few examples of typical occurrences of 
hydrogen embrittlement may be of interest. 

Certain high-carbon st^el springs in- 
tended for use in aircraft are zinc or 
cadmium plated to improve their corrosion 
resistance. Both during preliminary elec- 
trolytic cleaning and during plating, 
hydrogen ions are set free at the metal 
surface. A considerable quantity of hydro- 
gen is dissolved and the springs are 
render^ subject to failure if it is not 
removed before they are put into service. 
To accomplish its removal, the plated 
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springs are heated in the air at igo^C. for 
three hours. 

Similar embrittlement often is caused 
simply by pickling ferrous materials. 
Acids such as hydrochloric and sulphuric 
release at the metal surface nascent 
hydrogen, which is partly absorbed. Where 
pickling occurs prior to a working operation 
the consequent embrittlement may be 
troublesome. Wire and rod pickled after 
an intermediate anneal must be allowed to 
stand in the air for some time or must be 
baked at a low temperature to recover 
ductility. Langdon and Grossmann* have 
reported that embrittlement caused by 
pickling increases with the carbon content 
in hardened steels, decreases with the 
carbon content in normalized steels, and 
increases with cold-work and with the 
temperature of the pickle bath; ductility 
returns, although not completely, in about 
three days at room temperature. It would 
seem from this that the inward diffusion 
of hydrogen is more rapid the smaller the 
carbon content, but that hydrogen is a 
more effective embrittling agent in the 
unstable (hardened) material. This coin- 
cides with the common observation that 
low-carbon steels lose their brittleness 
spontaneously with greater ease than do the 
high-carbon steels. 

Electroplates, particularly those of iron, 
nickel and chromium, if formed under 
conditions where a considerable quantity 
of hydrogen is released, are often very 
brittle and give trouble in buffing. Hydro- 
gen probably is only a contributing cause 
of the excessive* hardness in such cases, but 
whatever the cause, it is found that the 
ductility can be improved by baking at 
moderately low temperatures. 

It has been suggested above that 
hydrogen is not completely removed by 
standing at room temperature or by bak- 
ing. Actually, small quantities of hydrogen 
may remain in steels even after short 
treatments at relatively high temperatures, 
and this small residue may have a pro- 


nounced influence upon the behavior of 
the metal. It has been shown that the 
elongation and reduction of an area of a 
0.20 per cent carbon steel can be increased 
by aging at temperatures up to 540®C., 
and the improvement is attributed to the 
further escape of hydrogen. 

Where ferrous materials are subjected 
to stress at elevated temperatures, the 
presence of dissolved hydrogen promotes 
the development of cracks. Thus hot- 
formed products contaminated with hy- 
drogen are slowly cooled to avoid the 
development of shatter cracks. Flakes in 
wrought steel are believed to result from 
the development of fine cracks in the metal 
when it is worked without j&rst being 
freed of hydrogen by sufficiently prolonged 
heating. 

Some other metals are similarly sensitive 
to hydrogen embrittlement. Electrolytic 
nickel, as produced, contains a considerable 
quantity of hydrogen, which is partly 
retained through subsequent melting and 
casting operations if special precautions 
are not taken. When such nickel is roUed 
or forged, cracks develop. It is found 
possible to eliminate the major part of 
the hydrogen in melting by oxidation or 
by a carbon boil. 

Tantalum is also notably embrittled by 
hydrogen; in this case, the gas is rapidly 
absorbed from heat-treating atmospheres. 
Since an oxidizing anneal is impractical, 
because of the ease of oxidation of tan- 
talum, a vacuum treatment is used for the 
removal of the hydrogen. 

Palladium dissolves the largest quantity 
of hydrogen of any of the better known 
metals and is somewhat embrittled thereby. 
It is known that a hydride of palladium is 
formed. Presumably the inherent brittle- 
ness of this phase is responsible for the 
change in properties suffered by palladium 
in a low-temperature hydrogen anneal. 

Another effect of the diffusion of hydro- 
gen into a metal is a small but definite 
increase in volume. The potential impor- 
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tance of this is probably not yet fully 
appreciated. Palladiuin expands as much 
as 4 per cent when saturated with hydro- 
gen; iron expands somewhat less, but the 
results can* be important. For example, 
electrodeposits of iron are subject to 
exfoliation (spontaneous peeling) if formed 
in the presence of excess hydrogen. It is 
postulated that the first layers of the iron 
plate laid down before the polarization 
of the electrolyte is fully developed are 
relatively low in hydrogen. Subsequent 
layers are more contaminated and the 
hydrogen contained in them tends to 
diffuse into the purer layers. This expands 
the metal first deposited without a cor- 
responding increase in the dimensions 
of the outer layers, causing the plate to 
break away in curled flakes. Several other 
metals are likewise subject to exfoliation, 
perhaps from the same cause. 

These observations lead one to wonder 
whether the increasing application of 
bright-annealing treatments will not lead 
to new troubles in the form of the slight 
distortion of some products. Possibly the 
distortion of sintered powder metal com- 
pacts results in part from unequal hydrogen 
absorption. 

The electrical and magnetic properties 
of some metals are known to be slightly 
affected by the presence of dissolved 
hydrogen. Such effects are normally incon- 
sequential, because the hydrogen is lost 
upon standing in the air; but in certain 
applications, such as the use of thermo- 
couples in a hydrogen atmosphere, the 
results may be troublesome. It has been 
reported that Chromel-Alumel thermo- 
couples may give readings as much as 
loo^C. low after heating for some time in 
moist hydrogen at iooo®C. 

The release of hydrogen from solid 
solution is held responsible for a number 
of undesirable occurrences in the metals 
industries. Pinholes in tinplate are thought 
at times to be caused by bubbles of 
hydrogen rdeased from the steel by accel- 


erated diffusion when the metal is heated 
in the tin bath. Coatings of paints and 
enamds have been found to blister when 
hydrogen is released beneath them. There 
are other possible explanations of some of 
these effects, which will be mentioned 
presently. 

It has also been suggested that blisters 
in wrought steel and aluminum products 
may be caused by the rdease of dissolved 
hydrogen acquired in pickling or in a 
furnace atmosphere. Presumably the gas 
bubble is initiated by a stress concentra- 
tion, and diffusion is accelerated by the 
deformation of the metal. The evidence 
upon these points is by no means dear. 

Alloys that contain oxygen, carbon, or 
stable hydride-forming elements are sub- 
ject to chemical reaction with hydrogen. 
The oxygen-hydrogen reaction will be 
discussed in a later section. When iron- 
carbon, tungsten-carbon and nickel-carbon 
allo3rs are heated to a relatively high tem- 
perature in the presence of moist hydrogen, 
some methane gas (CH4) escapes; in this 
way carbon is lost from the alloy. Decar- 
burization is primarily a surface reaction 
where the carbon diffuses toward the out- 
side and there unites with the hydrogen to 
form methane. Special note should be made 
of the importance of moisture in the 
system; this is another illustration of the 
greater activity of atomic hydrogen. 

The importance of controlling heat- 
treating furnace atmospheres to prevent 
the decarburization of steels is so widely 
recognized that this subject may be passed 
over without further comment. It is per- 
haps not so generally appreciated that 
other types of alloys containing carbon are 
similarly subject to deterioration by de- 
carburization; this is especially true of 
nickel-carbon alloys in which the temper 
varies with the carbon content and is 
therefore subject to the effects of decarburi- 
zation. In some cases decarburization is 
desired. Moist hydrogen atmospheres can 
be used to purify iron, thus increasing the 
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magnetic permeability and affecting other 
properties sensitive to small quantities of 
carbon. Magnetic irons are sometimes 
treated in this way; likewise nickel for 
vacuum tubes may be freed of its carbon 
by hydrogen treatment. 

Hydrogen under pressure is seldom en- 
countered in fabricating operations, but is 
common in the chemical industries. Inglis 
and Andrews^ have shown that at slightly 
devated temperatures (250® to 45o®C.) 
hydrogen at 250 atmospheres pressure 
produces the same effects of decarburiza- 
tion, deoxidation and crack formation 
noted at lower pressures, but at more rapid 
rates characteristic of reaction at higher 
temperatures. The “caustic embrittle- 
ment” of boilers probably results from the 
diffusion into the steel of hydrogen under 
high pressure released by some reaction 
between the metal and water or impurities 
in the water. 

Surface Oxidation 

With a few exceptions, the surface oxida- 
tion of pure metals proceeds either by the 
diffusion of oxygen through the oxide 
layer to meet and react with the metal or 
by the reverse process, in which the metal 
diffuses outward through the oxide layer 
to meet the oxygen. The chief practical 
results of the surface oxidation of pure 
metals are too familiar to warrant discus- 
sion here. 

Alloys, on the other hand, oxidize in a 
variety of ways, only vagudy understood, 
and thus give rise to a number of unantici- 
pated effects. Perhaps the most commonly 
encountered of these is the alteration of 
the alloy composition. In the majority of 
cases the various elements in an alloy 
oxidize at different rates, which are not 
proportional to the concentration of the 
element in the alloy. Thus in extreme cases 
(which are not uncommon), the more 
reactive element may oxidize alone, leaving 
the less reactive element unattacked and 
changing the alloy composition in a layer 


adjacent to the surface of the metal. The 
ancient process known as the “blanching” 
of silver depends upon the removal of cop- 
per from the surface of a silver-copper 
alloy; this is done simply by oxidizing the 
material at an elevated temperature in the 
air. An easily removed copper oxide scale 
is formed and the work is left with a 
surface layer of nearly pure silver. Gold 
allo3rs may be similarly enriched. 

There are innumerable examples of inad- 
vertent composition change accompanying 
surface oxidation where a scale is formed 
and also where no scale is formed. Iron- 
carbon and nickel-carbon alloys may lose 
carbon in the form of carbon monoxide or 
carbon dioxide in the course of surface 
oxidation; platinum-rhodium thermocou- 
ples may lose rhodium without the forma- 
tion of any scale because the rhodium oxide 
evaporates as it forms. 

Conversely, in other allo5rs early selective 
oxidation seems to halt the loss of alloying 
elements by forming a protective oxide 
scale which provides a barrier to further 
diffusion. Brasses heated in the absence of 
oxygen tend to lose zinc by volatilization. 
If heated in the air, however, a protective 
film of zinc oxide quickly forms and retards 
the further loss of zinc. This condition is 
to be associated with the defect in brass 
known as red stain, which appears in areas 
where oxidation has been restrained by a 
deposit of carbonaceous material or other 
obstruction that prevents the formation of 
the protective oxide layer; elsewhere the 
brass color is maintained by the protective 
action of the zinc oxide. 

Subsurface Oxidation 

Wherever the minor component of an 
alloy forms the more stable oxide, sub- 
surface oxidation is possible. The modes 
of occurrence of such oxidation are almost 
as numerous as the alloys in which th^ 
are observed, but usually may be classified 
as one or a ‘ combination of the types: 
(1) gerieral precipitation of separate parti- 
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cles of the oxide of the alloying element 
within a matrix of the major metal, (2) 
deposition of relatively thin layers of 
the oxide of the alloying element along the 
grain boundaries or special planes of the 
major metal or (3) envelopment of particles 
of the major component in a matrix of the 
oxide of the alloying element. In most cases 
oxidation proceeds by the inward diffusion 
of oxygen and the outward diffusion of the 
alloying element, the two meeting and 
reacting at an advancing interface below 
the outermost layer of metal. True subscale 
formation (precipitation of oxide within a 
metallic matrix) occurs chiefly in dilute 
alloys at high temperatures ; grain-boundary 
oxidation occurs preferentially at lower 
temperatures (commonly at the tempera- 
tures of hot-working and heat-treatment) 
and in the more concentrated as well as in 
dilute alloys; continuous scales, containing 
embedded metal, appear most often among 
alloys containing large quantities of the 
oxidizing demkit. 

The practical' aspects of subsurface 
oxidation generally arise either from the 
presence of weakening films of oxide or 
from the depletion of the surface zones of 
the metal in the alloying element. Occasion- 
ally the depletion is foimd to extend entirely 
through the material. 

Hensel, Larsen and Holt^ have described 
what they call a “birch-bark effect” in 
complex copper alloys that contain various 
quantities of cobalt, beryllium, silicon, 
cadmium and phosphorus, which are used 
for springs. When these alloys are heated 
in the air there appears a subscale which 
sometimes becomes detached when the 
springs are bent but sometimes remains 
firmly attached. In either case the subscale 
is harmful because the penetration is of the 
intercrystalline type and the potches so 
formed greatly reduce the fatigue life of 
the springs. It was found possible to pre- 
vent oxidation only by heating in hydrogen. 

A somewhat similar effect was recently 
encountered when a manufacturer of Lake 


copper sheet attempted to reduce the 
amount of pickling necessary after inter- 
mediate anneals by changing from a highly 
oxidizing to a nearly neutral atmosphere 
in the annealing furnace. The resultant 
sheet was brittle and was found to contain 
grain-boundary films, presumably of oxides 
of iron, arsenic or other impurities present 
in the copper. Evidently, in the earlier 
practice, surface oxidation had been more 
rapid than internal oxidation; thus all 
effects of oxidation were removed in pick- 
ling. Ductile 'copper was again produced 
by returning to this procedure. It should 
be noted that the use of a reducing anneal 
was avoided as a remedy in this case be- 
cause of the danger of the hydrogen reduc- 
tion embrittlement of this copper which 
is not oxygen free. Another manufacturer 
reports a paralld effect in the production 
of copper rod; if grain-boundary oxidation 
occurs, the material becomes dfficult to 
form by cold drawing and breaks away in 
chips during knurling. 

A number of troublesome occurrences of 
internal oxidation in ferrous materials have 
been reported. For example, Welchner and 
Roush® within the current year demon- 
strated that certain NE steels containing 
residual silicon or aluminum form a grain- 
boundary subscale in the course of carburi- 
zation. The carbon monoxide used in 
supplying carbon also provides oxygen. 
Casehardened gears made of these steds 
were found to have short life. Failures of 
stainless-sted dectric heating elements 
have also been traced to intergranular 
oxidation, presumably of the chromium. 

< Among cases of similar damage to 
mechanical properties resulting from in- 
ternal oxidation that have been mentioned 
in the present survey are: rough surface 
on cold-drawn copper-chromium alloys 
that had been annealed in the air; the 
failure of Nlchxome in the presence of hot 
air or carbon monoxide; poor buffing quali- 
ties in alloys of silver contmning copper, 
dnc, cadmium, magnesium or beryllium if 
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they have been annealed in the air and the 
oxides of these metals precipitated in- 
ternally (in sterling silver the effect is most 
familiar and is known as “fire”); ^-nd the 


heated to gSo^C. in the air their age- 
hardenability is destroyed. 

The electrical properties of alloys, being 
very sensitive to composition, are also 



Fig. I. — Silver-clad steel, silver at the top, cold-rolled, annealed 4 hours at 87o°C. in 
AIR AND air-cooled. UnETCHED: X 100. 

I Iron oxide is visible at the interface and just within the silver layer. 

\Courtesy J. L, Christie and C. H, Chatjield,) 


deterioration of light metal castings (alu- 
minum and magnesium) and certain 
wrought alloya during heat-treatment. In 
the last named, it is not certain that 
internal oxidation is involved. Stroup^* 
has shown that the duralumin-type alloys 
lose strength and ductility if heat-treated 
in moist air. 

Another group of effects of internal 
oxidation is to be associated with the 
withdrawal of an. alloying element from 
solid solution. Age-hardening copper-beryl- 
lium alloys are particularly sensitive to 
internal oxidation because of the great 
reactivity of beryllium. If the solution 
heat-treatment of this material is carried 
out under oxidizing conditions the age- 
hardening characteristics may be destroyed 
in a surface layer, or, in the extreme, 
throughout the metal. A similar behavior 
is observed with chromium alloys; when 


subject to modification by internal oxida- 
tion. It has long been recognized that the 
temperature coefiSdent of Manganin wire 
can be altered by heating in air. Likewise, 
base-metal thermocouples slowly change 
their electromotive force with time at 
temperature in the air, and this is thought 
to be the result of internal oxidation. 
Smart and Smith^ have shown that 
copper containing small quantities of 
several oxidizable elements, induding anti- 
mony, cadmium and tin, suffers a rise in 
conductivity and a decrease in the re- 
crystallization temperature when heated 
in the air. 

Ocddation of Birmetals 

A spedal case of internal oxidation is 
found in the handling of certain bi-metal 
products. This is illustrated by the be- 
havior of silver-dad sted when heated for^ 
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protracted intervals in air at temperatures 
as low as 425^.0.; iron oxide forms near 
the junction of the two metals and the 
coating tends to spall. Oxygen, which 
diffuses through the silver coating, reacts 
with dissolved iron in a zone within the 
silver adjacent to the iron and also at the 
interface (see Fig. i, presented through 
the courtesy of J. L. Christie and C. H. 
Chatfield, who have described the effect 
under discussion). A similar deterioration 
of silver electroplates on base metals has 
been known for some time and may be 
presumed to occur in the same way. 

Reduction of Contained Oxides 

Many commercial metals and alloys 
contain oxygen either in solid solution or 
in the form of an oxide. When such mate- 
rials are heated in the presence of hydrogen, 
carbon monoxide or similar reducing gases, 
the hydrogen or carbon may diffuse into 
the metal and there reduce the oxides or 
react with the oxygen to form insoluble 
water vapor or one of the gaseous oxides 
of carbon. If this occurs where the products 
of reaction are confined, a considerable 
pressure may be generated and blisters or 
cracks will form. 

Perhaps the best known occurrence of 
this type of action is that of the hydro- 
gen embrittlement of tough-pitch copper. 
Heyn® early analyzed the process and it is 
now known that in copper it is caused by 
hydrogen, and no other reducing gas, 
reacting with copper oxide, alloy oxides, 
or dissolved oxygen in the copper to form 
water vapor under pressure. Cupronickel 
alloys and oxygen-bearing iron are also 
subject to this k^pd of embrittlement (to be 
distinguished from the “hydrogen em- 
brittlement” of iron by the presence of 
dissolved hydrogen in the absence of 
oxygen). It is interesting that, although 
Heyn® described the reduction embrittle- 
ment of iron in one of the few attempts 
that have been made to interest the layr 
man in the science of metals, the users of 


iron have almost lost sight of the phe- 
nomenon, probably because most ferrous 
materials carry too little oxygen except 
that in the form of diSBicultly reduced 
oxides. 

Despite general familiarity with the 
hydrogen embrittlement of copper and a 
thorough understanding of means of 
combatting it, the metallurgist continues 
to be plagued with unexpected occurrences 
of the effect. Two recently reported cases 
will serve to indicate the diversity of 
circumstances under which th^ damaging 
conditions may be met. Tough-pitch 
copper washers were being annealed in the 
course of their manufacture. To avoid 
excessive oxidation the treatment was 
conducted in a closed container and the 
washers were embedded in iron chips, to 
prevent sticking. Hydrogen embrittlement 
occurred and was traced to the presence of 
a small quantity of moisture and oil on 
the iron chips. It should be recalled that 
water vapor, particularly in contact with 
iron* rdeases hydrogen and it is possible 
that oil is similarly decomposed. The 
trouble was avoided by the use of a 
phosphorus-deoxidized copper. 

In the second case, tough-pitch copper 
pipe was being brazed in an assembly; at 
the edge of the joint the copper was 
embrittled. Here hydrogen was present 
in the flame used for brazing. Again 
oxygen-free copper was substituted, al- 
though the dhficulty might have been 
avoided by more careful control of the 
flame and by limiting the time during 
which the copper was heated. It is note- 
worthy that tough-pitch copper is currently 
being handled in bright-annealing j[reduc- 
mg) atmospheres by keeping the tempera- 
ture as low as possible (425*^0.) and 
avoiding long heating times. 

Another important result of the reduc- 
tion of contained oxides is found in the 
blistering of galvanized iron. Just before 
the steel is dipped in zinc it is pickled to 
remove dirt and scale. In this step the iron 
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absorbs hj'-drogen. If oxides arc present 
within the iron or on its surface, the 
hydrogen reacts to produce water vapor 
at the galvanizing temperature and a 
blister appears. The best remedy is to use 
clean steel. Another similar effect is en- 
countered in the enameling of ingot iron. 
If the iron contains carbon it reacts with 
the oxides of the enamel during baking 
and produces blisters, known as “pop- 
pers.” Ordinarily ingot iron contains insuf- 
ficient carbon to cause blistering, but if the 
metal has been subjected to an anneal in 
the presence of carbonaceous gases it may 
absorb sufl6cient carbon to cause trouble. 

When wires are sealed in electric light 
bulbs or vacuum tubes, damaging bubbles 
may form in the glass adjacent to the 
metal as a result of the reduction of oxides 
in the metal by reducing gases in the flame 
used to melt the glass. A typical example 
is found in nickel-manganese (4.5 per cent) 
wires that periodically gave trouble until 
special precautions were taken to maintain 
a neutral flame. Conversely, carbon in the 
wire may react with the oxides of the glass 
to produce caxbon monoxide bubbles. 
Sometimes these diflSiculties are solved by 
using an oxygen-free alloy or by coating 
the wire with a material that hinders dif- 
fusion; copper-dad wires prevent gas 
evolution arising from the reaction of 
alloyed carbon with the oxides of the glass, 
because carbon does not diffuse through 
copper. 

Occasionally such strongly redudng con- 
ditions are met that materials not ordinarily 
thought of as being subject to reduction 
effects are attacked. Thus in the manu- 
facture of diphenyl, the refractory oxides 
commonly present in steel axe reduced and 
steel pressure vessels develop leaks. Oxide- 
free materials give better life in this 
application. 

Alternate OoddaMon and Reduction 

Related to the effect of reducing gases 
upon metals containing oxides is the effect 


of subjecting metals alternately to oxidiz- 
ing and redudng conditiorts. In the initial 
exposure the metal becomes charged with 
oxygen or a redudng agent. Upon subse- 
quent exposure to the reverse condition a 
compound gas such as water vapor or 
carbon monoxide is formed within the 
metal. Again this gives rise to cracks, 
blisters and similar discontinuities. 

The predous and semipredous metals 
are notably sensitive to alternate oxidation 
and reduction. For example, a palladium- 
silver (60-40) alloy is commonly annealed 
in a reducing atmosphere. When the 
furnace is opened to withdraw or introduce 
a charge, some air may enter and come in 
contact with the metal, and blisters theh 
form on the alloy. Pure palladium and 
pure silver behave in much the same way. 
Indeed, palladium has been known to form 
blisters at room temperature when stored 
in the air after first being charged with 
hydrogen by electrol3fsis. Martin and 
Parker^® have recently described the 
deterioration of silver both when reduction 
follows oxidation and when oxidation 
follows reduction. Copper behaves simi- 
larly but the damage to copper is less 
pronounced; tiny blowholes form but no 
large blisters or cracks. 

Repeated cydes of oxidizing and reduc- 
ing conditions promote the disintegration 
of materials that are not particularly 
sensitive to either condition alone. Appar- 
ently minute cracks, caused by grain- 
boundary oxidation and which would grow 
only slowly under constant oxidaltion, are 
freed of the obstructing filling of oxide 
during the reduction phases, and so admit 
gas more readily on subs^uent oxidation. 
Thus Nichrome heating dements are found 
to deteriorate more rapidly in variable 
atmospheres; in a specific instance damage 
was found when operating at 9SS°C. The 
chromium oxidizes preferentially in this 
alloy, leaving a residue of metallic nickd. 
In the absence of severe damage of the kind 
just described, supeifidal embrittlement 
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may lead to a bad surface in metal that is 
subsequently cold drawn. A number of 
other nickel allo3rs are said to be subject to 
such surface effects. 

Nitrogen 

The solubility of stable nitrogen in the 
common solid metals is generally small, 
with the result that few technically impor- 
tant effects of dissolved nitrogen are 
recognized. Iron and iron alloys will absorb 
small quantities of nitrogen from the air 
and this contamination is effective in 
decreasing the rate of the austenite decom- 
position, especially in the nickel-chromium 
austenitic steels.^ It is thought also that 
the absorption of nitrogen by sheet steel 
during annealing increases its tendency 
toward strain-aging. Nitrogen can be 
removed by a hydrogen treatment analo- 
gous to decarburization except that am- 
monia gas is formed. 

Dissociated nitrogen, on the other hand, 
diffuses rapidly into iron at slightly ele- 
vated temperatures, produces unstable 
compounds with the iron and greatly 
increases its hardness. Ammonia (NHs), 
or cyanides X(CN), are used to supply the 
atomic nitrogen. The dissociation pressure 
o( the unstable compound Fe4N has been 
shown by Emmett, Hendricks and Brun- 
auer^® to be of the order of 60,000 lb. per 
sq. in. at. 42o®C.; that is, the decomposing 
compound will build up this pressure of 
molecular nitrogen. For this reason nitrogen 
diffuses out of iron rapidly when the nitrid- 
ing atmosphere (ammonia) is removed, 
leaving a surface jSlm of nearly pure iron 
and subsurface layers of the nitrides. 

In nitriding practice it is customary to 
use an iron-aluminum alloy (or calorized 
iron or steel). The aluminum nitride is 
relatively much more stable and forms in 
preference’ to iron nitride in a way quite 
analogous to the formation of oxide sub- 
scales. Such nitrided layers are stable. 
Occasionally nitriding of this kind is unin- 
tentional and is damaging to the , material; 


Kanthal furnace windings and other ferrous 
heating elements containing aluminum are 
subject to slow nitriding in the air and 
eventually become brittle in use. 

Many of the less common metals absorb 
nitrogen in relatively large quantities and 
are geJferally made brittle by its presence. 
A notable example is chromium; among the 
others are such metals as tantalum,* zir- 
conium and related elements. 

Sulphur 

Sulphur is similar to oxygen in its inter- 
action with metals. Usually it makes its 
appearance in furnace gases in the form of 
a compound such as SO2 or H2S and is 
known to dissolve in significant quantities 
in nickel, iron and copper. With nickel, 
sulphur forms a eutectic melting at 645^0., 
well within the normal working range. Thus 
a liquid nickel-sulphur alloy is produced 
by the contact of nickel with sulphur dur- 
ing annealing. Diffusion proceeds most 
rapidly at grain boundaries where a liquid 
film appears as the penetration progresses. 
This causes the nickel to become hot short. 
Upon subsequent cooling a grain-boundary 
film of a brittle nickel-nickel sulphide 
eutectic remains, and this makes the metal 
cold short. Most nickel-rich alloys, includ- 
ing those used in thermocouples and electric 
heating elements (Nichrome), behave simi- 
larly except that additions of magnesium 
or manganese react preferentially with 
sulphur and make a small contamination 
tolerable. The best insurance gainst 
sulphur embrittlement is, of course, the 
elimination of sulphur gases. The sulphide 
eutectic with iron occurs at a higher tem- 
perature and embrittlement by this mech- 
anism is less common therefore. 

S.ulphide scales, conesponding to oxide « 
scales, are formed on copper and several 
other metals. Little is known about these 
and their possible infiuence upon the work- 
ing properties of the metals. 

Stroup^’ has disclosed that some alu- 
minum alloys are damaged by heat-treat- 
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ment in atmospheres containing sulphur 
dioxide. There is a large decrease in duc- 
tility and a smaller loss in strength, brought 
about by the development of a grain- 
boundary deposit of some reaction product. 
This difficulty is encountered when mag- 
nesium and aluminum alloys ar? heat- 
treated successively; sulphur dioxide is 
used in the furnace atmosphere to prevent 
the oxidation of magnesium. 

Miscellaneous 

Perhaps the most important deliberate 
application of gas-metal diffusion is in 
the production of coatings by cementation. 
The numerous processes are similar in their 
mechanisms. Usually the metal is bathed 
in a vapor of a hardening element, or one 
of its compounds, at an elevated, tempera- 
ture. The allo)dng element diffuses into 
the work and forms surface layers of 
intermetallic compounds if such are stable. 
Successive alloy layers correspond to the 
stable phases in the order in which they 
appear in the phase diagram, at, the 
temperature of cementation, beginning 
with the pure metal on the inside and end- 
ing at the outside with the phase richest in 
the alloying element that is stable at the 
vapor pressure of the S3rstem. Upon subse- 
quent cooling, phase changes that obscure 
this structural development often take 
place. Among the cementation treatments 
commonly employed are: carburizing, 
effected with CO or other carbonaceous 
gases; calorizing with aluminum, ferroalu- 
minum or aluminum chloride; chromizing 
with chromium, ferrochrome or chromium 
chloride; ihrigizing with silicon, ferrosilicon 
and silicon carbide with or without 
chlorides; boronizing with boron powder 
or ferroboron; sherardizing with zinc or" 
zinc salts, and stannizing with stannous 
chloride. 

As might be expected, the cementation 
processes have their counterparts in 
unwanted contamination. For example, 
platinum thermocouples can be damaged 


by absorbing silicon. This can happen in 
the presence of hydrogen, where it is pre- 
sumed that silicon hydride forms a carrier 
vapor. Zinc present in a furnace atmosphere 
is destructive to Nichrome heating ele- 
ments. Brass or galvanized iron wiU serve 
to provide the zinc vapor. 

Closure 

Many more examples of the working of 
gas-metal diffusion in industrial processes 
will occur to the reader, no doubt. The 
literature, which has not been reviewed 
here, except incidentally, contains many 
volumes on this subject. Yet, considering 
the demonstrated technical importance of 
gas-metal diffusion, this knowledge is 
wholly inadequate. On the theoretical 
side, too little is known of the mechanisms 
connecting diffusion with the physical 
results that are observed. On the practical 
side too little attention has been paid to the 
accumulation of the data that would per- 
mit the utilization of such theory as exists. 
There need be little doubt that future 
industrial developments will call for a 
greater understanding of gas-metal be- 
havior. The trend is emphasized by the 
rapid increase in the use of controlled 
atmospheres in the past decade. * 
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DISCUSSION 

G. P. Haluwell,* Chicago, 111. — I have 
not had an opportunity to read this paper; my 
first acquaintance with it was during Dr. 
Rhines’ presentation. I gathered from the fore- 
part of the paper that all the difficulties in 
gassed or porous metal are caused by gases in 
solution in the metal per se. It happens that I 
am associated with a branch of the metal indus- 
try that casts metal in sand. I want to add a 
word of caution to any foundrymen in this 
audience or to any who may read this paper 
later; that is, do not ascribe all the troubles in 
the foimdry to gas in the ingot before it is 
melted. Anyone casting metal in sand will 
realize that this is not true. We admit that it 
does happen sometimes, but gassed metal may 
be caused by the conditions of melting, and 
porous metal may be a result of the use of the 
wrong type of sand — ^too old or too green a 
sand; sand with too low a penneability or too 
high a moisture content; or sand that is im- 
properly rammed. Porosity may also come from 
cores noiade from the wrong type of sand, or 
cores that are improperly vented or insuffi- 
ciently baked. If all these conditions are cor- 
rected — assuming, of course, that the metal is 
satisfactory in the beginning — the opportun- 
ities for obtaining gassed or porous castings are 
reduced to a minimum. 

I am very much interested in Dr. Rhines* 
note that thunderstorms might have an effect. 
Some people may smile at it, but I have noticed 
repeatedly that when there is a spell of humid 
weather, more porous castings are made than 
during a dry spell. This is not necessarily be- 
cause we may or may not have used metal that 
has been stored for some time and accumulated 
a film of moisture. During periods of high 
humidity, we have experienced some heats that 
are more prone than others to produce porous 
castings. It is difiOxnilt to say whether this is due 
to the absorption of hydrogen from the decom- 
position of the water vapor of to some other 
undetermined factor. It is possible that there is 
something to the question of humidity, and the 
accompanying association with a thunderstorm 
that Dr. Rhines mentions. 

Saic ToiTR,t New York, N. Y. — ^I want to 
compliment Dr. Rhines on a very excellent 

• Director of Research, H. Kramer and Co. 

t Sam Tour and Co., Inc. 
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conipilalion and a very excellent paper. I think 
he has done a remarkable job, but I do not 
want to let Mr. Halliwell's discussion go with- 
out some rebuttal. 

It is not true that the metal is never at fault. 
Let us not give the metal a clean bill of health 
quite so easily. Enormous quantities of metals 
produced and sold contain gases. A particular 
foundry that has used a particular metal re- 
peatedly and for a long time, producing good 
castings, has adjusted its practice to accommo- 
date the amount of gas in the metal by melting 
a little more oxidizing, for example. If that 
particular foundry should receive a shipment 
of metal that did not have the gas in it, the 
foundry would have trouble. Vice versa, if 
foundries that are operating continuously and 
satisfactorily with metal that does not have 
gas in it receive a metal that has a little gas in 
it, great difficulties arise. 

Gas is not always a bad actor — ^it is a bad 
actor when it is in the wrong place. We should 
not say that all remelted metal is gas-free, 
because we know many castings that are not 
gas-free and that give trouble. It is perfectly 
possible to have ingot metal that is gassed. 
In fact, it is not uncommon to see bulged ingots 
in the form of ingot metal. 

Foimdrymen should not be told to look first 
to sand or something else. They should look at 
the whole picture and determine what practices 
or what raw materials have been dianged. 

I should like to add some comments on the 
effect of thunderstorms. There are numerous 
things in a fotmdiy that affect the gas-metal 
situation other than the metal itself or melting. 
The weather can affect these other things even 
more rapidly than it affects the metal. It is 
quite common to have trouble during a 
thunderstorm in melting certain metals that 


arc readily gassed, such as manganese bronze. 
However, a study of the particular foundry 
having trouble often shows that a lot of char- 
coal is being used,' or trick nostrums in the form 
of fluxes identified by trick numbers and com- 
positions unknown. Fluxes of this type usually 
contain hygroscopic salts. When humid weather 
comes along, and gassy metal is produced, the 
blame should not be placed on the metal or on 
moisture in 'the air going to the burner where 
fuel is burned to moistmre. The trouble may be 
from moisture in the charcoal, the trick fluxes, 
the salt, the ladle linings, or other materials 
used in the foundry. Gases in metal can come 
from numerous sources. 

F. N. Rjbones (author’s reply). — In general, 
the observations of Messrs. Halliwell and Tour 
are in accord with the impressions that I have 
held and have attempted to set forth in the 
paper. 

Mr. Tour has relieved me of the necessity of 
responding to the question of gassed ingot and 
has done so far more capably than I could have 
done. There remains for discussion, however, 
the matter of the influence of the condition of 
the sand upon porosity. In this connection a 
dear distinction should be drawn between 
“surface blows’’ caused by gas pressure from 
without and porosity caused by the release of 
gas by the metal at the time of freezing. To 
the best of my knowledge, good experimental 
evidence of the gassing of metal by wet sand 
in the mold, or of the contrary, is lacking; it 
would be surprising to me, however, if any 
metal could absorb enough gas in the few 
moments that it remains liquid in contact with 
the sand to materially influence its freezing 
characteristics. 



The Degassing of Metals 
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The object of this investigation was to 
make a comprehensive study of the degas- 
sing of molybdenum in order to determine 
how rigorous a treatment was necessary 
to completdiy remove sorbed gases from 
molybdenum electrodes in vacuum tubes. 
Some work has also been done with tung- 
sten, nickd, iron and carbon. As a logical 
devdopment of this work it has been shown 
that the gas is present throughout the 
body of the metal and a study has been 
made of the solubility of nitrogen in 
molybdenum and tungsten and the rate 
of diffusion of nitrogen through molyb- 
denum has been calculated. 

Tests were made on molybdenum from 
all the commefdal sources and no difference 
was discovered in the nature of the gases 
present, the amounts or the ease of re- 
moval. The reason for this was apparent 
when a study was made of the manner in 
which gases are absorbed by gas-free 
molybdenum. It is necessary to heat 
molybdenum to lydo^C. in a vacuum of the 
order of o.ooi micron for a time which 
varies lineally with the thickness, in order 
to obtain a condition in which no further 
gas is evolved by the sample. A sample 
$0 degassed can be handled and subse- 
quently assembled in a tube and then 
degassed readily. The gases obtained from 
molybdenum are carbon monoxide and 

This paper has been expanded from a 
Preprint pubH^ed by the Institute in X932. 
presented at the New York Meeting, Pebruary 
1932. Presented as part of the Symposium on 
Practkud Aspects of Diffusion, 1943. Issued as 
T.P. 1643 in Mbtals Technology, January 
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nitrogen, the nitrogen being the more diffi- 
cult to remove. 

Apparatus and Technique 

The apparatus is shown in Figs, i and 2. 
It consisted of two units, a degassing 
system and an anal3rtical system. Each 
had a bake-out oven, as shown surrounding 
the systems in the sketches. The system 
will be traced, starting from the sample in 
the degassing S3rstem. 

A water-cooled quartz chamber sur- 
rounded the sample. The high-frequency 
coil, which heat^ the sample, extended 
only around this chamber and was cooled 
by an air blast. High-frequency power of 
1800-meter wave length was obtained 
from a self-rectifying oscillator circuit with 
a maximum power input of 20 kw. A 
graded* seal connected the qpiartz to the 
rest of the apparatus, which was of hard 
glass. The temperature of the molybdenum 
sample was observed by an optical p3rrom- 
eter through an optical window about 
40 cm. distant from the sample. Since the 
object viewed under these conditions was 
not a 'black body, true temperature was 
not observed, but the so-called “brightness 
temperature.” The correction of this to 
true temperature is discussed in a later 
section. 

The apparatus was taken apart just 
above the graded seal; the quartz chamber 
was slipped off, washed with nitric add, 
water and alcohol, and dried by an air 
stream. The old sample was removed by 
unscrewing the lower nut, and the new 




Fig. I. — Degassing system. 
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Fig. 2. — Analyticai. system. 
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one was put on. Great care was taken not 
to handle any of the metal parts. 

The apparatus was then sealed together 
again and evacuated by pump B, The 
mercury in the various traps was let down 
below the level of the bake-out oven. It 
was essential to attain a good vacuum 
before applying heat; otherwise the sample 
would become badly oxidized. Liquid air 
was put on the ionization gauge trap. A 
small tube furnace extended over the 
quartz bulb, and a large bake-out oven 
extended over this and the whole system. 
The quartz was baked out at 8oo®C., 
reaching this during the last half hour of 
bake-out. The whole system was baked out 
at *450® to 47o®C. for i hr. After cooling, 
the mercury was let up into pump A and 
traps 2 and 3 were closed. Cooling water 
was let into the pump A, trap and quartz 
jacket, and the pump started. At this point, 
the ionization gauge showed a vacuum of 
better than 0.001 micron. Previous work 
had also shown that with this design and 
bake-out procedure no liquid air was 
needed on the large trap. This enabled the 
condensible gases CO2 and HsO to be 
determined, though the determination of 
HaO would have been problematical 
because of the avidity with which it is 
absorbed by baked-out glass. The water- 
cooled trap kept the mercury pressure 
low enough in the quartz chamber so that 
no glow discharge in mercury vapor 
occurred during heating of sample 'with 
high frequency. 

The preceding bake-out gave conditions 
such that less than 0.02 cu. mm. of gas 
was collected with shutoff 4 closed and 
pump A running, over a period of 10 to 
15. min. This has been foimd to hold even 
when the sample and quartz were at 
8oo®C. Consequently, it is evident that 
the gases later evolved could come only 
from the sample. A poor bake-out was 
indicated by a slow, continuous evolu- 
tion of gas. The test of collecting less 
than 0.02 cu. mm. of gas as measured 


by the McLeod gauge was applied before 
every run. 

Detailed Manipulation 

On making a run, shutoffs 4, 3 and 2 
were closed, and with pump A running, 
high-frequency heating was applied to the 
sample. As the gas was given off and 
collected back of pump A, the pressure 
was measured on the McLeod and the Hale 
Pirani gauges. The latter was arranged 
as shown, so that the compensator was 
under a constant good vacuum. 

When gas evolution apparently had 
ceased, the high frequency was shut off 
and pump C in the analytical system was 
started. This whole system had previously 
been baked out and evacuated, the large 
glass stopcock between the S5rstems being - 
open in the process. Shutoffs 8, 7 and 6 
were closed, and when shutoff 3 was 
opened the gas sample was drawn over 
into the analytical system. The Toepler 
pump was operated during this time to 
reduce the back-up pressure of pump C. 

After the sample of gas had been trans- 
ferred, shutoff 3 was again closed and with 
a low pressure in the collecting end of the 
degassing system (o.oi to 0.03 microns) 
the high frequency was started again, to 
be sure that no more gas was being given 
off. The procedure was used because of the 
greater precision of the McLeod in the 
lower pressure ranges, for small quantities 
of gas. 

The glass stopcock between the S3rstems 
was then closed, as was shutoff 5, isolating 
the two systems. The degassing ^tem 
was then available for another run. The 
sample of gas was in contact with mercury 
and baked-o.ut glass only, except for the 
brief passage through the glass stopcock 
during its transfer, which reduces to a 
m in i mu m the possibility of contamination. 

The volume of the collecting part of the 
degassing system was determined by 
admitting dried nitrogen to the system 
with pump A operating. The volume of the 
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McLeod gauge was known from its cali- 
bration. Mercury was let into the gauge, 
trapping off a known volume of gas at a 
measured pressure; the rest of the collecting 
system was evacuated, shutoff 4 closed 
again, the nitrogen in the gauge admitted 
to the S3rstem and the pressure again 
measured. The ratio of the two pressures 
times the volume of the gauge gives the 
volume of the collecting S3rstem. 

Analytical Technique 

The method was essentially that of 
Langmuir^ for the analysis of small 
amounts of g^es. 

AlS described above, the sample was 
transferred to the analytical system, pump 
C was cooled and shutoffs 6 and 7 were 
opened. The sample then occupied the 
whole of the analytical system between 
shutoffs 5 and 8. 

Liquid air was jErst applied to the trap 
and the decrease in pressure measured the 
CO2 present in the sample. After this was 
measured, the gas sample was compressed 
again into the ignition bulb between 6 and 
7, Pure oxygen of known amount was 
admitted to the system through shutoff 8 
with liquid air on the trap. The gas^ample 
was released into the system and the 
new pressure read after equilibrium was 
attained. 

The sample and oxygen were com- 
pressed into the ignition bulb containing a 
5-mil filament of pure platinum. This was 
heated to a dull red for 10 min. Previous 
work with known amounts of H2, CO and 
Os, in the analytical system, had shown 
that this time sufficed for the reaction of 

CO + KO, = COs 

The oxidation of hydrogen to water was 
very rapid at this temperature. 

At first it was feared that in compressing 
samples containing oxygen with the small 
mercury pump, some of the oxygen might 

^ References are at the end of the paper. 


react with the mercury vapor and the 
attendant decrease in pressure give a false 
indication. This point was tested by circu- 
lating pure oxygen, and also various 
combustible mixtures for H with the 
pump. No change in pressure was found. 
This is in conflict with the findings of 
Hibben* who dropped mercury through 
oxygen at low pressures and observed a 
decrease in pressure. 

The sample of unknown gas, after under- 
going combustion, was released into the 
system with CO2 snow-ether on the trap. 
The decrease in pressme, if any, was due 
to the hydrogen and oxygen which had 
reacted, plus the oxygen which had com- 
bined with carbon monoxide. The con- 
traction which followed when the liquid 
air was placed on the trap measured the 
carbon dioxide present. When the amount 
of carbon dioxide originally found was 
subtracted, the rest of the contraction 
represented carbon monoxide originally 
present, which was oxidized to carbon 
dioxide. The amounts of gas accoimted 
for by this procedure were then subtracted 
from the original volume of sample, and 
the residual considered to be -nitrogen. 
Preliminary work had shown that no 
oxygen was present in the gases from 
molybdenum. 

Hydrogen was not a common con- 
stituent. Large quantities of hydrogen 
were collected when the bake-out was 
known to be poor, due probably to water 
vapor from the glass surfaces reacting 
with the hot molybdenum. There was also 
a possibility that some hydrogen came from 
the sample during the 800° bake-out. 

Temperature Measurement 

Temperature measurement was made by 
means of a Leeds and Northrup optical py- 
rometer of the disappearing-filament type. 
It was calibrated against a standard ribbon 
filament lamp. The emissivity has been 
given by Worthing**^ as 0.352 at aooo^K., 
but the emissivity of our etdied sample was 
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0.40. Thus our sample at a true tempera- 
ture of i76o®C. harl a brightness tempera- 
ture of i6oo°C. 

The standard temperature used in most 
of the experiments, i76o®C. (i6oo®C. 


center, and were from 20 to 250 mils 
(0.020 to 0.250 in.) thick, most of them 
being about 70 mils thick.- There was a hole 
in the ring by which it was attached to a 
loo-mil molybdenum rod. This rod was 


Table i. — Gas Evoked from Molyhdmum in Stages and at Single Temperatures 


Brightness 
Temperature, 
Deg. C. 

True Tem- 
perature, 
Deg. C. 

Gas (NTP). 
Cu. Mm. per 
Gram Sample 

Gas Composition, Per Cent 

Amounts of Gas, Cu. Mm. 
(NTP) per Gram Sample 

Ni 

CO 

CO* 

H* 

N* 

CO 

CO* 

H* 

Experiment 2. Gas in Stages prom 70-MiL, 4.9-GRAM Sample, Caustic-dipped 

740 

940 

1120 

1312 

1600 

Total 

790 

lOIO 

1210 

1440 

1700 

0.81 

0.33 

1.98 

1.06 

0.23 

4-41 rJe";} 

A 

81 

76 

45 

59 

75 

43 

15 

10 

24 

27 

21 

15 

6 

7 

7 

27 

8 

24 

7 

0.03 
0.05 
1. 60 
0.82 
0. IZ 

2 61 

0.61 
0.14 
0.30 
0. 10 
0.05 

1.20 

0. 17 

0 05 

0 06 
0.02 

0.30 

0.09 

0.08 

0.08 

0 05 

0.30 


Ejcperdient 296. Gas at Single Temperatuee prom 70-BnL, 4.9-GRAM Sample, 

Caustic-dipped 


1600 1 

1760 

5 . os 

58 

30 






0 30 


Experiment 12 (Fig. 3). Gas in Stages prom 72-MiL, 5.3-GRAM Sample, Caustic-dipped 


740 

978 

1115 

1320 

1500 

1600 


Total. 


790 

1050 

1210 

1450 

1650 

1760 


0.69 

1.70 

1.78 

0.22 



5 

m 

66 

WM 

95 


90 







0.05 

0.68 

0.4s 

0.21 

I.OI 

0.09 

1.60 

0.18 

0.20 

0.04 

0.02 

3-95 

1. 18 


Experiment 3 

1 1 

4. Gas AT Sing 

1 1 

}L£ TeMPERATI 

1 1 

1 REPR( 

1 1 

5 M 72-1 

1 

flx, 5.3 

1 1 

}-GRAM 

1 1 

Sampi 

1 1 

JE, Cat 

1 1 

iSTIC-D 

1 

IPPED 

1600 

1760 

3.8 


■ 

6 


3-5 


.3 

1 


brightness temperature), was chosen be- 
cause below it completion of gas evolution 
was too slow to be convenient, and above 
this temperature appreciable evaporation 
of molybdenum took place. This resulted 
in a dean-up of some of the gas given off, 
and it was found that runs at 100® above 
the chosen temperature gave less gas. 

Preparation op Sample 
The samples made from sheet molyb- 
denum were in the form of rings %-in. 
outside diameter with a Ke-in. hole in the 


threaded at one end and two molybdenum 
nuts held the sample in position. It was 
necessary to file three longitudinal grooves 
in the threaded end of the rod to prevent 
the nuts from sticking after the high- 
frequency heating. 

The sheet molybdenum was cut with a 
hacksaw into rough «hape. A Ke-in. 
hole was drilled in the center, and a hole 
for the loo-mil wire for support of the 
sample. The outside was then turned off 
on a lathe, so a ring resulted, with the 
oxide, if originally present, on the faces. 
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The sample, on a dean molybdenum 
rod, was dipped into a bath of molten 
caustic with about 3 per cent nitrite in it 
at 45o®C. About 30 sec. cleaned off the 


successively higher temperatures and the 
gas evolved at each stage is collected and 
analyzed. 

In these experiments the high tempera- 



• Fig. 3. — Gas evolved xrom MOLVEDENtiM. 7 2-mil, s-s-grabi sample, cAusxronrppED. 


oxide. The ring was then dipped succes- 
sively into hot water, 10 per cent hydro- 
chloric add solution, cold water, washed 
thoroughly in distilled water, dipped into 
grain alcohol and dried in a stream of air. 
Care was taken to avoid touching the 
sample at any stage of deaning. It was 
handed with tweezers and kept wrapped 
in condenser paper. 

Some samples, as noted, were further 
treated by dectrolyzing in concentrated- 
sulphuric add, with a strip of molybdenum 
sheet as cathode and the sample as anode. 
The appearance of the dectrolyzed samples 
was bright and shiny, compared to the dull 
gray of the caustic-dipped samples. The 
caustic-dipped samples showed clearly 
the fibrous structure of the metal. 

Nature op Gas Evolved at Various 
Temperatures 

Table i and Figs. 3 and 4 show the 
results obtained as a sample is heated to 


ture (800® to iooo®C.) bake-out oven was 
not put on the quartz. It recdved the 450® 
bake-out with the rest of the system. When 
the evolution of gas from the sample was 
at an end, or at a steady rate, for a given 
temperature, the sample was pumped over 
to the analytical system, and the rate 
checked again at low pressures in the 
collection system, to be sure of the rate, or 
of the complete cessation of gas evolution. 

These experiments and the data sum- 
marized in Fig. 4 are of espedal interest 
in showing the rdative ease with which 
the constituent gases come off. 

Hydrogen comes off most readily, at the 
lower temperatures, as AJleman and 
Darlington^ found with ferrous alloys. The 
amount of this is rdativdy small. 

The next gas to appear in quantity is 
carbon monoxide, which comes off readily 
at 1000'’ and lower. It persists, in small 
amounts, to the higher temperatures. 

Nitrogen is more difficult to remove and 
requires a temperature of 1200® and up 
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before it comes off. It i> of interest to note temperatures the time for complete <le- 
that molybdenum nitride may exist as gassing was excessive and at higher lem- 
shown by Langmuir. ^ peratures evaporating molybdenum cleaned 




Fig. 5. — Gas :^olved from molybdenum. 7o-mil s.i-gram sample degassed at 1760*0. 

TRUE TEMPERATURE. 


Effect of Treatment and Source on 
Gases from Molybdenum 

In the light of the previous experiments 
it was decided to cany out all subsequent 
experiments at 1760*0. This seemed to 
be the optimum temperature; at lower 


up some of the gas evolved. Samples de- 
gassed completely at 1760*0. gave off no 
further gas on being taken to higher 
temperatures. 

Table 2 gives the total amounts and 
composition of the gases obtained from 
the. samples of molybdenum from various 
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sources. Figs. 5 and 6 illustrate the rate ent methods of manufacture, such as 

at which the gases are evolved and together amount of working, and the gas content, 

with the tables present the results obtained. The rate of gas evolution was found to 
From these data it is evident that samples be of the first order and this together with 


Table 2. — Molybdenum Samples Degassed at a Single Temperature 



* Piled clean; washed with benzol. 

* Oxidized during bake. 

* Not cleaned. No oxide on samxde. 

* Badly oxidized in bake. 

* Oxidized in bake. 
r Not oxidized. 

e Handled after degassmg, then not deaned. 

* Indicates that these receiyed treatment of column heading. 

J Unworked. 

Worked. 


from all the different sources give about evidence presented later seems to show 
the same amount of gas and require about that the controlling factor in the gas 
the same time for complete degassing. No evolution is the diffusion of gas to the 
correlation could be found between dffier- surface from within the sample. 





























THE DEGASSING OF METALS 


JOO 


Efpkct op Various Methods of 
Cleaning 

From the tabulations it is evident that 
methods of preparing the sample give 


The decreasing amounts of carbon 
monoxide in the series in Table 3 is inter- 
preted as more complete removal of surface 
grease and dirt, but from the curves in 



Fig. 6, — Gas evolved from: molybdenum. 69-MiL, 5-gram sample. 


greater differences than appear in samples 
from various sources. A summary of the 
effect of various methods of cleaning on 
gas evolution is given in Table 3, in order 
of increasing effectiveness. The samples 
were all 70 nails thick. The first treatment 
represents the result of one experiment; 
the others are the average of several. 


Table 3. — Effect of Method of Cleaning on 
Gases Evolved 


Treatment 

Time 

of 

Degas- 

sing, 

Min. 

Amount 
of Gas, 
Cu. 
Mm. 
(NTP) 

Sample 

Gas 

Composition, 
Per Cent 

Ns 

CO 

COs 

Piled clean and 
washed in benaol. 

Canstic-'dipped 

Blectrolyaed cone. 
HtSOi 

70 

24 

20 

7.8 

4.4 

3.3 

35 

79.0 

88.5 

6 s 

16 . 5 

10 . 5 

4-5 

i.o 


Figs. 3 and 4 it is apparent that carbon 
monoxide continues to come out even at 
later stages of the degassing, apparently 
from the body of the metal. 

The effect of dirt and grease is shown by 
experiments 285 and 279 (Table 2 and 
Fig. 6). A caustic-dipped sample was run 
in the regular, manner. No. 279. It gave 
off 3.7 cu. mm. gas (NTP) per gram sample, 
75 per cent N2 and 22 per cent CO, and 
required 30 min. for conjplete degassing. 
This same sample was taken out and 
handled, then put back into the system 
and a regular bake-out given. Then on 
degassing (experiment 285) at i76o®C., 
8.0 cu. mm. gas NTP per gram sample 
came off in 2 min. It consisted of nitrogen 
22 per cent, carbon monpxide 76 per cent. 
The rapidity with which this gas comes 
off can be explained by the fact that it is 
absoihed only on the surface of the sample. 
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Permanence op Degassing 

One of the most striking things found 
in this investigation of molybdenum was 
that a sample once degassed sta3rs degassed, 
if proper precautions are taken. The most 
important requirement is to avoid ha ndliTig 
the sample, as shown in the preceding 
section. 

If precautions are taken, and the sample 
handled with tweezers and kept wrapped 
in condenser paper, the surface contaminar- 
tion is reduced to a minimuTn ^ as in 
experiment 104. A sample was degassed 
in the Arsem furnace,* then in the quartz 
apparatus. It was taken out, handled only 
with tweezers and kept wrapped in mil 
condenser paper for 42 days. On degassing 
this sample in the regular manner after 
that length of time, the results shown in 
Table 4 were obtained. 


* Table 4. — Experiment No, 104, Sample 70 
MUs Thick 


m 




Ni 

CO 

COt 

0.38 

127s 

10 

15 

73 

12 

O.IO 

1760 

10 

31 

50 

19 

Total 0.38 







Similar results were obtained for a 
sample which had been degassed, taken 
out, caustic-dipped, washed in water and 
alcohol, and degassed again. This sample 
weighed 4.9415 grams before caustic chp, 
4.8900 grams after caustic dip; i.e., 0.0515 
loss on NaOH dipping, or 1.04 per cent 
loss. The original sample was 72 mils thick; 
the edge area makes up 24 per cent of the 
total surface area. Hence the caustic dip, 
assuming uniform attack, reduced the 
72 mils thickness by 0.76 X 0.0104 X 72 « 
0.58 mils. The removal of this thickness 
of molybdenum had the result shown in 

* An Arsem furnace is a vacuum furnace 
heated by a carbon resistor. 


Table 5 on the amount of gas at the second 
degassing. This indicates that the gas has 
been removed at least to a depth of 0.58 
mils. The question of the depth to which 
degassing has proceeded is discussed in the 
following section. 


Table 5. — Experiment No, 24 


Gas^Evolved, 
Cu. Mm. 
(NTP) 
per Gram 
Sample 

True 
Temp., 
Deg. C. 

Time for 
De^sing, 

Gas 

Composition, 
Per Cent 

Nj 

CO 

0.27 

1760 

3 

87 

13 


Table 6 . — Experiments on Samples 
Exposed to Wet Air and Degassed 
a Secof^ Time^ 


Experiment 

No. 

Gas 

Evolved, 
Cu. Mm. 
(NTP) 

& 

Sample 

Gas 

Evolved, 
Cu. Mm. 
(NTP) 
(Total) 

True 
Temp. 
Deg. C. 

Time 

for 

Com- 

plete 

Degas- 

sing, 

Min. 


O.OI 

0.05 

0.07 

0.24 

1060 

1760 

5 

5 

0.06 

0.31 

no 

0.03 

o.is 

1260 

5 


0.03 

0.10 

1760 

5 


0.05 

0.25 




"Regular bake-out procedure, g^ass at 450*’C. 
quartz and sannple at Soo^C. 


Two other experiments may be cited in 
which the samples were not taken from 
the apparatus, but exposed to wet air 
after degassing and then degassed the 
second time. Small amounts of gas were 
obtained, corresponding closely to a 
monomolecular layer. The sample of 
experiment 103 had stood in contact with 
the atmosphere for 15 hr., experiment 
no for 40 hr. The 0.25 cu. mm. of gas 
from experiment no was 57 per cent Nj, 
43 per cent CO. This, inddentaJly, repre- 
sents the smallest amount of gas that ^as 
analyzed. 

In Langmuir’s paper on the absorption 
of gases by glass, mica and platinum. 
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Table 7. — Arsem Furnace Experiments 
Molybdenum Samples 0.070 in. Thick 


Experi- 

ment 

No, 

Furnace Conditions 

Degassing 

Gas Composition, 
Per Cent 

Amount 
of Gas, 
Cu. Mm. 
(NTP) 
per Gram 
Sample 

Time of 
Firing, 
Hr. 

Tempera- 
ture, 
Deg. C. 

Vacuum 

Tempera- 
ture, 
Deg. C. 

Time for 
Complete 
Degas- 
sing, 
MiiL 

N* 

CO 



COi 

McLeod, 

Microns 

Hale- 

Pirani, 

Microns 

39 

X 

1625 

12s 

HUB 

BUB 

IS 

sj 


s 

HI 

40 

2 

?62S 

50 



IS 

66 



mStM 

OS 

X 

1780 

100 

100 

h * 

20 , 

SO 


HB 

HtrM 

6<5 

H 

1780 

ISO 

100 

r • 





BIBtH 

70 

X 

1770 

7 S 

ICO 

^B ^ 



Bfl 

HH 

HffH 

77 

2 

1780 

50 

90 

jjS 



wm 


lEwdil 


- 




EH 



■ 


0.95 


"Best. 


Table Tungsten Furnace Experiments 
Molybdenum Samples 0.070 in. Thick 



Furnace Conditions 

Quartz Apparatus Degassing 

Experi- 

ment 

No. 



Vacuum 



Gas Composition, 
Per Cent 

. Amount 

Time of 
Degas- 
sing, Hr. 

Tempo 
ature 
Deg. C. 

McLeod, 

M 

Hale- 

Pirani, 

/* 

Ioniza- 

tion 

Gaug^e 

(Liquid 

Air 

On),/. 

Temper- 
ature 
Deg. C. 

Com- 

plete 

Degas- 

sing, 

Min. 

Ni 

CO 

CO* 

of Gas, 
Cu. Mm. 
(NTP) 
per 
Gram 
Sample 

.75 

76 

79 

I 

I 

1800 

1800 

1800 

m 

i 

I S 

0.4 

1760 
1760 
{ iiso 

1 1760 

20 

5 

5 

IS 

IS 

3 

13 

It 

76 

II 

9 

XI 

1.26 
, O.S 4 
f 0.47 

1 0,33 












0.80 

96 

97 

X 

H 

1800 

1800 

3 

2 .S 

8 

6 

0.8 

0.6 

1760 

f:a 

40 

10 

30 

17 

85 

4 

37 

IS 

. 1.57 

1 0.22 

1 0.40 












0.62 

99 

2 

1800 

I.S 

4 

0.3 

lilS 

5 

15 

,23 

65 

72 

12 

18 

0.13 

0.31 












0.44* 

120 

1 10 

1950 

1650 

2 

1.4 

8 

8 


1 1280 

1 1760 

20 

25 

60 

70 

40 

30 


o.zS 

0.31 












0.49 

I 2 S 

I 

1980 

2 

6 


( 1300 

1 1760 

20 

20 

21 

30 

67 

59 

12 

II 

0.29 

0.49 











Ave. 

0.78 

0.82 


"Best. 
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he shows that for an average molecular 
diameter of 3 X io“* cm., a monomolecular 
layer over i sq. cm. of surface corresponds 
to 0.04 cu. mm. gas (NTP). The samples 
of molybdenum used in this investigation 
had a total surface area, (from the gross 
dimension) of 7.65 sq. cm. which should give 
0.306 cu. mm. of gas for a monomolecular 
layer. This agrees with the values found 
above of 0.25 and 0.31 cu. mm. within 
the limits of accuracy for the method. 

A number of experiments were made to 
determine whether a high vacuum was 
necessary to degas molybdenum. Samples 
were heated in a carbon tube vacuum 
furnace, a tungsten tube vacuum furnace 
and in hydrogen of various degrees of 
purity. An analysis was made of the 
atmosphere of the tungsten furnace when 
it was operating at 2ooo^C. and a vacuum 
of 6 microns, as follows:*H2, 86.5 per cent; 
N2, 8 per cent; CO, 3,5 per cent; COg, 
2 per cent. 

Degassing in Arsem Vacuum Furnace . — 
Samples of molybdenum, 73 mils, thick’, 
caustic-dipped, were first degassed in an 
Arsem furnace, taken out, using care in 
handling, and' degassed again in the quartz 
apparatus. The results are given in Table 7. 

Tungsten Vacuum Furnace. — ^In order to 
obtain better vacuum than is possible in 
an Arsem furnace, an iron-jacketed vacuum 
furnace with a tungsten heater was set up. 
The heating unit consisted of a wire cage, 
of about 75 pieces of 80-mil tungsten wire, 
on supports of copper brazed in iron. The 
supports were water-cooled. The best 
vacuum obtained in this furnace was 
5 microns measured on a Hale-Pirani gauge 
while the furnace was at 1950*0. and 
2 microns at i8oo°C. (Table 8.) 

Hydrogen Firing. — ^It was found that 
samples fired in a tube hydrogen furnace 
at atmospheric pressure and 20oo®C. 
gave off less gas on subsequent degassing 
than was present in unfired samples. The 
degasing time was not very different. 
(Table 9.) 


It is noteworthy that hydrogen was not 
found in the gas from these hydrogen-fired 
samples. The explanation is to be found 
in the ease with which hydrogen comes off, 
so that undoubtedly it was given off during 
the 800^ bake-out of the quartz and 
sample. 

Experiments were then performed with 
purified hydrogen. The line hydrogen was 
passed through a liquid-air trap over 
heated platinized asbestos and through a 
second liquid-air trap. It was then led into 
the bottom of the quartz container and 
past the sample, at atmospheric pressure 
and a rate of about 4 c.c. per minute. The 
sample was kept heated by high frequency 
during this time. The quartz lead in tube 
was then sealed -off, ss^stem evacuated and 
regular bake-out and degassing in vacuo 
followed. 


Table gr-Gasfrom Hydrogerhfired Samples 
Hydrogen Fired in Tube Furnace at 2ooo®C., 
hr. to I hr. Degassed at 1760*0. 


Bxperimexit 

No. 

D^issixig 

Gas 

Composition, 
Per Cent 

Amount of 
Ga^ 

Cu. Mm. 
(NTP) 
per Gram 
Samide 

Nt 

CO 

CO* 

304 

16 




0.86 

30s 

as 

91 

9 


0.97 

300 

as 

70 

30 


z.oo 

300 

20 

8z 

16 

3 

1.07 

301 

25 




1.20 

988 

as 




X.20 

302 

20 

59 

36 

5 

1.20 

284 

4 S 

63 

29 

8 

I.SO 

292 

20 

95 


5 

1.70 

Average. ... 

as 




l.IS 


In experiment 153 a sample was fired at 
i6oo®C. for I hr. in purified line hydrogen 
at atmospheric pressure. On degassing it 
gave off 0.47 cu. mm. of gas per gram 
sample in 25 min., the gas being 89 per 
cent Na and xi per cent CO. In experiment 
156, another sample was fired in the same 
way at 1740*0. It evolved 0.39* cu. mm. 
of gas per gram sample, 16 per cent Ns, 
69 per cent CO and 15 per cent CO*. 

Attempts were then made to obtain still 
purer hydrogen. A small, thin-walled 
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palladium tube was attached to the bottom Summary of Five Methods. — The five 
of the quartz container by a graded seal, methods just discussed are summarized 
Surrounding this was a quartz tube, which in Table ti. The “percentage of total gas 
had no connection to the quartz sample removed,” was calculated, taking 4.5 

Table 10. — Heating in Hydrogen Diffused through PaUadium 


Heating in Hs 


Degassing Sample in Quartz 



Amount 
of Gas. 
Cu. Mm. 
per Gram 
Sample 


0.06 

0.19 

Total 0.35 
0.13 
0.09 

Total 0.33 
0.07 


container, but served to conduct hydrogen 
past the palladium tube. A small tube fur- 
nace surrounded it and was kept at iioo®C. 
At this temperature, hydrogen was able to 
diffuse through and past the molybdenum 
sample, which was heated by high fre- 


Table II. — Effect of Treatment of 
Molybdenum on Gas Content 


Method 

Gas Left in 
Molybdenum, 
Cu. Mm. 
(NTP) 
per Gram 
Sample 

Average 
Per- 
centage, 
Total 
of Gas 
Re- 


Aver- 

age 

Lowest 

Value 

moved 

I. Hydrogen firing, tube fur- 
nace, I atm 

3. Arsem vacuum furnace. . 

I. IS 

0 86 

73.7 

0 95 

0 58 

78.1 

3. Tungsten vacuum fur- 
nace 

0 S 3 

0.44 

81.3 

4. Purified line hydrogen, 

1 atm 

0 47 

0,39 

91.3 

5. Line hydrogen diffused 
through heated paladium, 
at H atm 

0 16 

0.07 

95.8 


quency. The pressure inside the system 
was kept at two-thirds of an atmosphere, 
to obtain a faster stream of hydrogen. In 
the best experiment, No. 149, the gas 
evolved is of the order of a monomolecular 
layer. 


cu. mm. as the normal amount in a caustic- 
dipped 70-mil sany)le. It is thus apparent 
that the important factor in degassing 
molybdenum is an atmosphere free from 
nitrogen, carbon dioxide and , carbon 
monoxide. 

Degree oe Volume Degassing 

The preceding experiments have sug- 
gested that the gas comes from the interior 
of the sample. This idea is supported when 
the time required for complete degassing is 
compared with the thickness of the sample 
(Fig. 7). The data in Fig. 7 are all for the 
standard sized ring, degassed at i76o®C. 
The fact that a volume and not a surface 
relationship is involved is also indicated 
by the relative change in thickness, surface 
area and degassing time in going from a 
25-mil to a 250-mil sample. 

These considerations led to a series of 
experiments in which a set of samples 
was made from 250-mil stock, cut down 
on a lathe to various thicknesses, taking' 
equal cuts from each side. The samples 
were then degassed by standard procedure. 
Another set of samples of molybdenum 
was first degassed, the surface cut down 
to various depths, and the samples degassed 
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again. All were subjected to identical To degas tungsten at a rate comparable 
conditions as far as possible. All were ' to that obtained with molybdenum at 
from one stock piece of molybdenum. None i8oo®C. it is necessary to heat to 23oo°C. 
was caustic-dipped to avoid heating, but It is interesting to note in experiment 172 



Fig. 7. — ^Time op complete degassing poe samples op various thicknesses. 
Molybdenum ring Ke-in. inside diameter, %-in. outside diameter, 1760® true temperature. 


the scale on the original 250-mil piece was 
cut off on the lathe, bringing it to 227 mils. 
The samples were washed after cutting, 
in benzol then in alcohol and dried without 
touching. 

The results are given in Fig. 8. These 
indicate that the degassing has reached 
about 90 mils = 0.090 in. into the "Sample, 
for at that point the amount of gas given 
off was the same whether or not the sample 
had a preliminary degassing. 

The amount of gas present in the unde- 
gassed samples is proportional to the thick- 
ness of the sample, which is positive proof 
that we are dealing with gas inside the 
metal. 

Degassing op Tungsten 

Several tungsten rings were degassed in 
a high vacuum at temperatures ranging 
from 1400® to 26oo®C. (Table 12.) 


that further heating at 26io®C. produced 
no further gas evolution after degassing 
had been completed at 243o°C. The 
amount of gas obtained from a sample 
of "tungsten ranges from 15 to 25 per 
cent of that obtained from a similar sample 
of molybdenum. 

Degassing op Nickel 

At i030®C., nickel has the same vapor 
pressure as molybdenum at i76o®C. 
(approx. 0.003 microns) and this is the 
highest temperature at which nickel can 
be maintained for a long period in a high 
vacjium without noticeable evaporation. 

The first sample examined was taken 
from a nickel ingot which had been made 
from electrolytic nickel by vacuum-melting 
in an alumina crucible. The ring had an 
internal diameter of in. and an external 
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diameter of Js in. and was 250 mils thick, quent 45 min., 1.02 cu. mm. The next 
In 5 min. at 950^0. 1.76 cu. mm. gas per sample was made from electrolytic nickel 
gram sample were evolved and in a subse- and was 71 mils thick. (Table 13.) The 



Feg. 8 . — Gas evolved at vaeiotjs depths. 

Molybdenum ring Jfs-hi. inside diameter, %-in. outside diameter. Original 227 mils thicL 
1760*0. true temperature. 

sample in the last experiment evaporated 
more rapidly on one side than the other 
and finally melted at this spot and open 
circuited the ring. 

For a further discussion of gas in radio 
metals, see E. M. Wise’s paper on Nickel 
in the Radio Industry.® 

Gases in Iron 

These were investigated by the pre^ 
vidusly described technique. After the 
rings were washed in alcohol and benzol 
to remove surface contamination, they 
were sealed in the apparatus. When a good 
vacuum had been attained, the whole was 
given a bake-out of 400® to 450®C. The 
metal sample was then degassed at tem- 
peratures from 850® to i400®C., and the 
gases given off in vacuum at different 
temperature levels were collected and 
analyzed. No oxygen was evolved as such 
in any experiment. At the higher tempera- 


Table 12. — Degassing of Tungsten 


Total Gas 
Evolved, 
Cu. Mm. 
CNTP) 

Percentage 
of Gas by 
Weight 

Thickness, 

Mils. 

Gas Cu. 
Mm.fNTP) 
per Gram 
Sample 

S.94 

0.000051 

!3 

0.41 

3.33 

0.000039 

83 

0.33 


Amounts of Gas Evolved from 14.5-GRAM 
Tungsten Sample 





ComTX)sition of 

Total 


Tern- 

Time 


Gas. % 


Gas, 

Experi- 

ment 

pera- 

of 

Heat- 





Cu. Mm. 

ture, 





(NTP) 

No. 

Deg. 

cr 

ing. 

Mm. 

Hi 

CO 

0 

0 

N* 







Sample 

169 

1410 

15 

7 

35 

S 

53 

0.07 


1740 

SO 


33 

13 

65 

0.19 


3140 

35 


S 7 

3 

41 

O.IX 


2490 

25 


100 



0.04 

Total.. 



I 

41 

7 

I SI 

0.41 

172 

1440 

30 

9 

44 


1 47 

0.07 


1740 

SO 


9 


91 

O.IO 


2130 

35 


40 


60 

0.05 


2430 

3010 

30 

IS 


100 



O.OI 

0 

Total.. 



3 

30 


67 

0.33 
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tures iron evaporation became troublesome. 0.24 per cent; silicon, 0.34; sulphur, 
The t3rpes of iron used were: 0.010; phosphorus, 0.017; manganese, 1.29; 

I. Ordinary low-carbon stamping steel. molybdenum, 0.49. 



MfO SCO 300 ^CO SCO €CO 700 BOO 300 /OOO JfOO 


TMCS" /// 

Fig. 9. — Degassing of electrolytic nickel. 

1/4 — 2.8 cu. mm. Sample weight, 4.5 grams. \ 



Fig. 10. — ^Degassing of graphite. 


2. Svea iron. This is described* as “a 
special type of exceptionally pure Swedish 
iron made by a secret process to approach 
a chemically pure iron.” 

3. Cast steel. A manganese molybdenum 
steel with the following analysis: carbon, 


4. Bain cast steel of analysis: carbon, 
0.17 per cent; silicon, 0.37; sulphur, 0.010; 
phosphorus, 0.019; manganese, 0.47; chro- 
mium, 1.74; molybdenum, 0,69. 

5. “New iron” made by the General 
Reduction Corporation, Detroit. This 
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apparently was made by direct reduction 
of iron ore by gases, with subsequent 
pressing and sintering of the reduced iron. 
It shows many pores before and after 


Table 13. — Degassing of Nickel 


1 

Tem- 

pera- 

ture, 

Deg. 

C. 

Time, 

Min. 

Gas Composition, 
Per Cent 

Amount of Gas, 
Cu. Mm. per 
Gram 
Sample 

Ha 

CO 

COs 

Na 

1 

Ring 250 IVIils Thick (16 Grams) 
Vacuum-melted Nickel 


950 

5 

13 

65 

15 

7 

I 76 


45 





0 II 

1050 

351 





fo.i 8 no visible 


\ 

40 

60 



distillation 

1x70 

20} 





1 0 14 distilla; 







tion of Ni 

1090 

400 


90 


10 

0.59 

Total 






2 78 


Ring 71 Mils Thick (4.5 Grams) 

Electro Nickel 


1100 

177 

2 


10 

11 

13 I 


730 


«7 

7 

6 

3 6 

1200 

240 

14 

75 

4 

7 

2.6 

Total. 






19 3 


degassing. This porosity and the proba- 
bility of hydrogen pretreatment may have 
caused much of the dissolved gas to come 
out in our 4So®C. vacuum prebake. By 
our regular procedure it gave the lowest 
gas content of the various iron samples. 
The composition of this “new iron” was: 
carbon, 0.05 per cent; silicon, 0.008; 
sulphur, 0.006; phosphorus, 0.008; man- 
ganese, 0.18. 

The results on gases in these iron samples 
are summarized in Table 14, 

Degassing of Carbon 

These experiments deal with the de- 
gassing of tungar anodes, which are made 
from Acheson graphite and are 
dia. and in. thick. The samples were all 
given a preliminary firing in a hydrogen 
furnace at i5oo®C. and subsequently 
heated in an Arsem vacuum furnace at 


i8oo®C. Some of the samples were again 
fired in hydrogen in the degassing appa- 
ratus before degassing in an attempt to 
remove absorbed oxygen. 


Table 14. — Gases in Iron 


Material 

Tem- 

pera- 

ture, 

Deg. 

C. 

Gas, 

Cu. 

Mm. 

(NTP) 

per 

Gram 

Sam- 

ple 

Gases from Iron 
Analyses 

Per Cent 

Nj 

CO 

COa 

Ha 

I. Stamping 

1060 

520 

0 

100 

0 

0 

steel, 5 niil. 

1100 

no 

9 

78 

4 

9 

Bzpt. 229. 

1200 

70 

20 

58 

14 

8 

Total 


700 





2. Svea iron, 5 

880 

230 

0 

100 

0 

0 

mil. Expt. 221 

1030 

21 

39 

50 

4 

8 


1210 

37 

35 

37 

7 

21 

Total 


288 





2. Svea iron, 62 

980 

13 





mil, Expt. 166 

1080 

40 

0 

95 

5 

0 


1200 

IS 9 

35 

61 

4 

0 


1300 

12 

51 

41 

8 

0 


1380 

6 





Total 


230 





3. Cast steel, 62 

950 

70 

0 

84 

16 

0 

mil, Expt. 152 

1000 

l! 

55 

23 

22 

0 


1200 

66 

54 

43 

3 

0 

Total 


174 





4. Bain steel, 

III5 

100 

63 

33 

4 

0 

Expt. 155- 

II 7 S 

18 

82 

6 

6 

6 


1220 

22 

41 

42 

6 

II 


1320 


30 

50 

10 

10 


1430 

9 






1380 


II 

85 

4 

0 

Total 


155 





S- "New” iron. 

900 

35 

9 

91 

0 

0 

Expt. 160. 

1078 

5 






1160 

7 






1347 

16 






1320 

6 






13x6 

2 






1220 

5 

28 

64 

4 

4 


1300 

2 






1260 

I 






1255 

I 






1350 

2 

66 

0 

17 

17 

Total. . . . 


82 





5. "New” iron. 

950 

2 





HP melted. 

980 

5 





Expt. 1.63. 

1015 

2 






IIIO 

3 






II 9 S 

14 

46 

32 

22 

0 


1240 

5 






1270 

7 






1280 

18 

85 

0 

10 

5 


1365 

9 






1370 

5 





Total 


70 






At 2i5o®C. it is possible to degas graphite 
so that subsequent heating at a higher 
temperature gives no further gas. It is 
very interesting to observe that the gas 
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evolved in the range 1700® to 22oo®C. is 
predominantly nitrogen. A piece of graphite 
which has been degassed completely on 
subsequent exposure to air absorbs oxygen 
and some of this is so firmly bound that it 
is only desorbed as carbon monoxide on 
subsequent heating to 2i5o®C. The results 
on graphite are given in Table 15. 


Absorption of Nitrogen and Carbon 
Monoxide by Molybdenum and 
Tungsten 

A degassed sample of molybdenum was 
heated in the air by means of atomic 
hydrogen flame, which melted the edge of a 
sample entirely around the circumference, 
but left it still in the form of a ring. This 


Table 15. — Degassing of Graphite 



1 Apparatus Firing 

Degassing and Analysis 

Experi- 

ment 

No. 

Impure 

Pure 

H* 

Pressure 

Temper- 
ature, 
Deg. C. 

Time, 

Hr. 

Tempera- 
ture, 
Deg. C. 

Gas Analysis, 

Per Cent 

Gas, Cu. 
Mm. mTP) 
per Gram 
Sample 

1 

Ha 

CO 

COa 

Na 

206 

* 





1680 

40 

SI 


9 

I 3 







2090 


33 

3 

74 

o.S 

203 











Total X 8 






1640 

6i 










33 

3 

3 

3 0 







2100 


35 


6s 

0.6 

273 



SO/* 

1000 







Total 3 6 



} I 

1330 

S2 

44 

4 

16 

4.3 








1640 

30 

49 

5 

0.6 






1 

I9SO 

13 

i 

3 

71 

o.S 







2175 


6 

88 

0.3 

256 



40/* 

1000 







Total S 6 



I 

1020 

24 

15 

4 

7 

I 8 









1230 

U 

It 


12 

3 3 







1330 

1 

17 

2 2 







1470 

43 



40 

0.4 







1640 

53 

6 


41 

0 5 







IPSO 

17 

13 


70 

0.3 







2160 





0.3 












Total 8 8 

266 

all 

♦ 

3 mm 

1000 







C A 



I 

1020 

64 

10 

12 

14 

0 • 4 

4 0 









1330 

69 

28 

3 


2 3 







1640 

84 

4 


12 

0 3 







IPSO 

2 

9 

3 

86 

0.3 







2140 


9 


91 

— — 











Total 12 3 

197 

Previousls 

r debased i 
:ond time. 

and exposei 

d to air bef 

ore degas- 

980 

73 

65 

4 

23 

0.3 


sing a se< 

1710 

31 

4 


0.3 





2130 

49 

32 

4 

IS i 

I 0 












Total I S 


* Denotes treatment in column heading. 


Very large amounts of gas were obtained 
from graphite that had not had the pre- 
liminary vacuum-furnace firing at i8oo®C. 
One sample of graphite with pitch binder 
gave off 10,000 cu. mm. gas per gram 
sample. An unprocessed Acheson graphite 
yielded 270 cu. mm. gas per gram. 


was then caustic-dipped and the regular 
degassing procedure applied. The sample 
then evolved 108.8 cu. mm. of gas at 
i76o®C. This gas was 96 per cent N2 and 4 
per cent CO*. In the first 5 min. of heating in 
vacuo, 92 cu. mm. came off, and an hour 
longer was required for complete degassing. 
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In order to study more closely the taking 
up of gases by molybdenum and tungsten 
at high temperatures, a new series of 
experiments was performed. Degassed 
samples, 70 mils thick, were heated in the 
quartz chamber by high frequency in dry 
nitrogen and carbon monoxide, var3dng 
temperature, time of heating and pressure 
of the gas. The system was then pumped 
out, baked out if necessary, and the sample 
heated again in a very good vacuum, 
collecting and measuring the gas evolved 
from it. 

For nitrogen it was found that no glow 
discharge appeared below 15 microns 
pressure or above i cm. pressure. All of 
these absorption experiments were per- 
formed in regions where no glow discharge 
appeared. 

A detailed description of these experi- 
ments will be published elsewhere but a 
brief summary of the results may be of 
interest here. It has been found that the 
solubility of nitrogen in both tungsten 
and molybdenum is proportional to the 
square root of the nitrogen pressure. The 
variation of the solubility with tempera- 
ture is represented by the equation 

d log {Cyp) AH 

d{x/T) 4.58 

where C is the solubility and p the nitrogen 
pressure. AH is the heat absorbed from 
the surroundings when i gram-mol of 
nitrogen is dissolved. 

For tungsten AH = 74,700 
molybdenum AH = 38,500 

The solubility increases rapidly with 
increasing temperature. 

The desorption of nitrogen from tungsten 
and molybdenum is a diffusion process 
and hence must obey Fick’s law of diffusion 

Kdi~dx^ 

This equation on integration shows that 


log — ^ ^ Kt 

and also that 

logf . K, 

If the logarithm of the rate of gas evolution 
at any fixed temperature is plotted as a 
function of time a straight line is obtained. 
The variation of the slope of this line as a 
function of temperature is determined by 
the variation of the diffusion constant with 
temperature. 

For tungsten A = —50,500 cal. 
molybdenum A = — 26,600 cal. 

At i76o®C. it was possible to saturate a 
75-mil sample of molybdenum with nitro- 
gen at I atm. pressure in 30 min. The time 
necessary for saturation with carbon 
monoxide appeared to be very much longer. 
For a 4-hr. heating period the amount of 
carbon monoxide absorbed was a linear 
function of time with no sign of saturation. 
At i76o®C. molybdenum absorbed in 30 
min. eight times as much nitrogen as carbon 
monoxide and the nitrogen was desorbed 
in one-half the time taken by the carbon 
monoxide. 
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DISCUSSION 

L. L. Wyman,* Schenectady, '^N. Y. — On 
page 359 there is a statement with reference to 
degassing, from which the impression might be 
gained that the table itself (Table 2) gives the 
impression that the gas is the same in each of 
the samples. Rather, it is a deductive affair; 
that is, when the difference in the cleaning oper- 
ations and their effectiveness in taking off the 
gas are considered, it is evident that the basic 
amount of gas is about the same in aU the 
samples. 

• Research Laboratory, General Electric 
Company. 



Diffusion in Relation to Changes in Microstructure 


By Marie L. V. Gayler’*' 

(Chicago Meeting, October IS>43) 


Without diffusion taking place in liquid 
metals and alloys, no castings could be 
made; it is therefore the most important 
factor affecting the structure of metals. 
Diffusion involves the interchange of 
atoms, a process which takes place during 
the life history of an ingot. In the liquid, 
atoms are in a state of high thermal agita- 
tion, but this thermal vibration is reduced 
in amplitude with falling temperature. 
When solidification sets in, the atoms 
arrange themselves on an ordered space 
lattice and the changes in structure which 
take place in the solid are due to the inter- 
change of atoms on this space lattice. The 
rate of atomic interchange — e.g., of diffu- 
sion — is most rapid at temperatures dose to 
the melting point and decelerates as the 
temperature is lowered. At room temper- 
ature, the rate of diffusion is practically 
negligible in most alloys, and any change in 
structure can only be brought about by 
using methods which wiU accelerate the 
rate of diffusion. 

The rate of diffusion depends on three 
factors (i) temperature; (2) concentration 
gradient and (3) activation energy. The 
growth of grains and partides in the solid 
alloy also depend on these factors and are 
therefore intimatdy assodated with diffu- 
sion. The rate of homogenization in a cast 
alloy depends on several factors, such as: 
(i) rate of solidification, which involves 

Presented as part of the Symposium on 
Practical Aspects of Diffusion. Manuscript 
received at the office of the Institute Sept. 21, 
1943. Issued as T.P. 1648 in Metals Tech- 
nology, January 1944. 

•National Physical Laboratory, Teddington, 
England. 


grain and partide size which, in their turn, 
depend on diffusion: (2) the nature of the 
constituents; (3) the temperature interval 
between the melting point of the metal or 
alloy and the temperature at which it is 
being heat-treated. 

It is well known that coarse, cast struc- 
tures are extremely difficult — ^if possible — 
to homogenize, and the finer the grain size 
and particle size, the more readily solid 
solution will take place. The rate of diffu- 
sion depends, also, largely on the nature of 
the constituents; for instance, copper and 
magnesium form solid solutions with 
aluminum quite readily but nickel and 
iron do not; neither do certain intermetallic 
compounds, such as alpha and beta FeSi. 
Furthermore, the actual formation of inter- 
metallic compounds may be a very slow 
process, particularly when, they are formed 
in the solid state as equilibrium products. 
For example, jSFeSi is formed in the solid 
as the result of the reaction aFeSi + A 1 — » 
jSFeSi. The particles of aFeSi become sur- 
rounded with a reaction ring of jSFeSi. This 
layer is formed as the result of diffusion of 
atoms taking place between the aluminum 
matrix and aFeSi. As the amount of 
jSFeSi surrounding the core of ojFeSi in- 
creases the concentration gradient be- 
comes low and so the rate of diffusion of 
atoms also decreases until it practically 
ceases. This occurs after a comparatively 
thin layer of jSFeSi has been formed. It fol- 
lows that when intermetallic compounds of 
this type are formed in the solid, as the 
result of diffusion, it is generally impossible 
ever to attain equilibrium, since the forma- 
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tion of the new phase inhibits further 
diffusion. This fact is particularly niarked 
when large particles take part in the reac- 
tion; if the particle size is fine, however, it 
may be possible after prolonged annealing 
to cause the reaction to proceed to its limit. 
One means by which the reduction of par- 
ticle size may be brought about is by work- 
ing the material. 

The interval between the temperature of 
melting of the alloy and that of heat-treat- 
ment has a definite effect on the rate of 
diffusion. The further the temperature of 
annealing is removed from that of melting, 
the less the rate of diffusion. In other 
words, diffusion in metals and alloys with 
high-temperature melting points generally 
takes place very slowly, if at all, at low 
temperatures — ^viz., room temperature — 
while those with low melting points diffuse 
with comparative ease. For example, the 
diffusion of nickel in iron at, say, 30o°C., is 
practically nil, while zinc diffuses readily 
in aluminum at the same temperature. 
Bound up with this ability to diffuse at 
room temperature is the atomic size of the 
atom, relative to that of the solute and, 
also, the vapor pressure of the element or 
compound. Metals with high vapor pres- 
sures, such as zinc and cadmium, diffuse 
readily. 

These few facts serve to show the impor- 
tance of diffusion on cast structures; it is 
therefore of practical importance to con- 
sider ways by which the rate of diffusion 
can be accelerated if required. Rapid 
diffusion can be brought about by the fol- 
lowing general methods; (i) suitable an- 
nealing; (2) hot-working; (3) cold-working 
followed by heat-treatment. It is proposed 
to discuss these three methods now very 
briefly. 

Annealing op Cast Metal 

It is well known that annealing a cast 
alloy for a definite length of time at a 
specific temperature removes coring and 
causes partial absorption into solid solu- 


tion of certain constituents present. In 
other words, the condition of the alloy is 
made to approach more nearly that of the 
equilibrium structure. The practical appli- 
cation of this phenomenon is of funda- 
mental importance to the working of 
metals, since by its means apparently use- 
less material can be made useful. For exam- 
ple, in certain alloys, eutectics exist which 
have low melting points; these prevent the 
casting being worked hot or cold. If the 
casting be annealed at a temperature close 
to that of the eutectic temperature, then, 
by the process of diffusion, the constit- 
uents of the eutectic can sometimes be 
made to be taken entirely into solid solu- 
tion, or else the particle form is changed to 
a shape which is less harmful and which 
allows the alloy to be worked. For example, 
a 3-in. diameter billet of aluminum alloy 
containing 3 per cent Mg, 6 per cent Cu, 
S per cent Ni, cannot be hot-worked in the 
as-cast state satisfactorily. If the billet is 
annealed for one day at about 475®C., the 
structure is changed and the billet be- 
comes capable of being hot-pressed at that 
temperature down to a diameter of at 
least I in. Figs, i to 3 inclusive show the 
unetched structures, under a magnifica- 
tion of 150 diameters, of the cast, annealed 
and hot-pressed billet, respectively. The 
changes brought about in the casting, 
which have enabled it to be hot-pressed, 
have been due solely to diffusion in the 
casting. 

Sometimes the presence of a small 
amount of liquid has no serious disad- 
vantages. If residual, metastable eutectic 
is present in a cast alloy as a result of the 
rate of chilling, it is possible to cause rapid 
re-solution of the constituents of this 
eutectic by annealing at a temperature 
above that at which it melts. Diffusion 
then takes place very rapidly and the 
metastable eutectic disappears. The prac- 
tical importance of this fact is that after 
such a short annealing the temperature 
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can be quickly raised to any desired tem- 
perature for hot-working. 

In the production of certain alloys by 
the powder metallurgy process, use is made 
of the fact that the rate of diffusion is 
accelerated by the presence of liquid, for 
the “binders” of various sintered products 
are formed by the melting of the constit- 
uent with the lowest melting point. 


Annealing Followed by Hot-working 

The mechanical properties of a chill -cast 
alloy can be considerably improved by 
hot-working following an annealing treat- 
ment. (The time and temperature of an- 
nealing depends entirely on the nature of 
the alloy in question.) The data of Table i 
illustrate this point. These results show 


Table i. — Annealing Followed by Hoi- 
working 



i-in. 
Diam- 
eter as 
Cast 

x-in. Diam- 
eter as 
Cast. An- 
nealed 37 
Mr. at 
sos*c. 

3-in. Diam- 
eter Billet 
Annealed 37 
Hr. at SOS*C., 
then Hot- 
pressed at 
SOO®C. Down 
to i-in. 
Diameter 

I Per Cent Cu, 

3 Per Cent Mg, Remainder A 1 

Ultimate stress. 




tons per sq. in. 

7 

12 

IS 

Elongation on 2 



in., per cent . . . 

4 

7 ' 

24 


I Per Cent Cu, 3 Per Cent Mg, s Per Cent Ni, 
Remainder A 1 


Ultimate stress, 
tons per sq. in. 
Elongation on 2 
in., per cent.. . . 

7 

I 

9 

I 

17 

18 

I Per Cent Cu, 

3 Per Cent Mg, 10 Per Cent Ni, 
Remainder, A1 

Ultimate stress. 




tons per sq. in. 

9 

10 

16 

Elongation on 2 




in., per cent . . . 

o.s-i 

0 

9 


that by annealing-^.e., by the acceler- 
ation of the rate of diffusion — ^it has been 
possible to hot-work the cast alloy and 
thus improve its mechanical properties 
considerably. 


Cold-working Followed by 
Heat-treatment 

An important method of aiding diffusion 
is that of cold-working followed by suitable 
heat-treatment. 

AUotropic transformations in many 
metals may be suppressed or raised by the 
addition of another element. For instance, 
it is well known that in certain ferrous 
alloys the 7Fe — > aFe transformation does 
not take place on cooling down to room 
temperature. Such an alloy is then in a 
metastable state and if the transformation 
proceeds only very slowly at room tem- 
perature, this may be disadvantageous 
practically. Suppressed transformations 
can generally be made to take place if the 
alloy be cold-worked but it is not always 
possible to cold-work completely such an 
alloy, since, owing to the increased hard- 
ening which occurs as soon as the trans- 
formation is started (as in certain ferrous 
alloys) further cold- working is prevented. 
If, however, cold-working is possible, a 
subsequent annealing will generally acceler- 
ate the rate of change of transformation. 

Apart from accelerating allotropic trans- 
formations, cast alloys are very often homo- 
genized by means of cold-working followed 
by annealing or by hot-working. In either 
case grain refinement occurs with marked 
improvement in mechanical properties. 
Such treatments allow diffusion to take 
place readily and the final structure ap- 
proximates to that under equilibrium 
conditions and generally consists of a 
refined grain, the size of which depends on 
the temperature of heat-treatment. 

Given the same heat-treatment, vari- 
ation in the grain size of a worked alloy 
may be brought about by additions of 
certain elements which form insoluble 
constituents. The presence of these phases 
appears to act as a mechanical hindrance to 
grain growth and, in that sense, prevents 
diffusion taking place freely. For instance, 
the addition of 0.2 per cent iron to high- 
purity 4 per cent copper-aluminum alloy 
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has an entirely different effect from that 
caused by the addition of 0.2 per cent 
silicon. If these two alloys be cold-forged 
and annealed for 2 hr. at 5oo°C., the 
etched structures are obtained, as shown 
in Figs. 4 and 5, respectively, under a 
magnification of 10 diameters. In the 
former case the grain size is small, while 
that of the second is comparatively coarse. 
Under a higher magnification (Fig. 6), it is 
seen that the insoluble iron constituent 
lies more or less in the grain boundaries. 
In the alloy containing 0.2 per cent silicon, 
this element is capable of being held in 
solid solution in aluminum and any out of 
solution does not appear to affect the grain 
size. 

Summary 

Diffusion in metals and alloys is a proc- 
ess without which little use could be made 
of much available material: the rate of 


diffusion can be accelerated by various 
well-known methods. 

DISCUSSION 

E. A. Anderson, Palmerton, Pa. — In re- 
gard to the mention of the ability to diffuse at 
room temperature (p. 373)> I might say that 
aluminum diffuses very readily in zinc at room 
temperature. Preceding the words, “Cold- 
working followed by heat-treatment, an impor- 
tant method of aiding” (p. 375), I believe Dr 
Gayler would wish to interpolate a comment 
on a possible misunderstanding of the mean- 
ing of the data in colunm 3. I do not believe 
she means to infer that the increased diffusion 
brought about is responsible solely for the 
higher values. I think she probably wishes to 
infer that the improvement due to changed 
grain size and reaystallization brought about 
by hot-working is made possible by having had 
the diffusion precede the hot-working. 


* Research Division, The New Jersey Zinc 
Company. 



Diflfusion in Alclad 24S-T Sheet 


By F. Keller* and R. H. Brown,* Member A.I.M.E. 

(Chicago Meeting, October 1943) 


Because of the extensive use of Alclad 
24S alloy sheet in aircraft construction, 
there is much interest in the metallurgical 
changes caused by heat-treatment of this 
product.^'* One of these changes is the 
result of the difEusion of soluble elements 
from the core into the coating during 
treatment. This paper deals with the 
thermal treatments that may influence 
diffusion and with the practical effects of 
diffusion on the serviceability of the 
product. 

As is well known, Alclad 24S-T sheet 
has a core of high-strength alloy com- 
bined with surface layers of relatively pure 
aluminum. The microstructure of a cross 
section of this product is shown by Fig. i. 
Not only does the relatively high-purity 
coating have a high resistance to corrosion, 
and hence serves as a mechanical barrier 
between the core metal and the corroding 
environment, but in addition this coating 
exerts electrochemical protection over 
areas where the core may be exposed, 
such as cut edges. In addition, the coating 
affords electrochemical protection to pro- 
jecting heads of A17S-T, 17S-T and 
24S-T rivets, or attached members made 
from these alloys. Under some conditions 
of heat-treatment, however, diffusion of 
copper into the coating will alter the 
electrochemical relationship between the 
coating and the core to the extent that 


Presented as part of tbe Symposium on 
Practical Aspects of Diffusion. Manuscript 
received at the office of the Institute Oct. 10, 
1943. Issued as T.P. 1659 in Metals Tech- 
nology, January 1944. 

* Aluminum Research Laboratories, New 
Kensington, Pa^ 

^ References are at the end of the paper. 


only partial protection will be obtained 
under some corrosive conditions. 

The reason for the electrochemical 
protection lies in the fact that the coating 
layers of pure aluminum are anodic to 
the alloy core. The addition of copper to 
aluminum produces alloys in which the 
potential is lower than that of the pure 
metal Moreover, as the amount of copper 
in solid solution in 24S alloy is increased, 
the potential of the alloy becomes more 
cathodic. When heat-treated at 920®F. 
and quenched in cold water, 24S-T is 
about 0.16 volt cathodic to pure aluminum. 
However, copper will diffuse from the core 
into the coating, and if it reaches the sur- 
face the potential will be altered in a 
cathodic direction. Thus the potential dif- 
ference between the core and coating may 
be less than 0.16 volt, depending upon the 
thickness of the coating, and the time 
and temperature of heat-treatment. 

Of the methods available for determining 
the extent of diffusion of copper from the 
core into the coating of Alclad 24S-T, two 
are generally used; namely, the metallo- 
graphic and the solution potential methods.* 

Metallographic Methods 

Metallographic methods will reveal the 
progress of diffusion of copper into the 
coating. For instance, the diffusion zone 
in the coating intermediate between the 
coating surface and the core is shown in 
Fig. I. This photomicrograph is of a 
polished and etched cross section of 
0.040-in. Alclad 24S-T sheet. Diffusion 
proceeds into the coating more rapidly 
along the grain boundaries than through 
the body of the grains. Consequently, 
the diffusion zone is not of uniform width 



378 


DIFFUSION IN ALCLAD 24S-T SHEET 


but appears in a cross section as a series 
of peaks and vallej^s, as shown by the 
sketch in Fig. 2. 

Examination of polished and etched 
cross sections of Alclad 24S-T sheet will 
show how far the diffusion has progressed 

r. • 



Fig. I. — Full cross section or sample of 
Alclad 24S-T, 0.040 inch thick. X 100. 
Keller’s etch.'* 

The relatively pure aluminum coating, 
the diffusion zone, and the 24S-T core are 
evident. 

into the coating, but it will not give much 
information about the actual amount of 
copper that has diffused into the coating 
or to the surface of the coating. However, 
an approximation of the copper content 
at the surface of the sheet can be obtained 
by examining surfaces prepared with 
carefully controlled etching methods.^ 
If no copper has reached the surface of the 
sheet as a result of diffusion, the micro- 
structure of the coating will not be devel- 
oped by these treatments. If, however, 


diffusion has reached the surface at the 
grain boundaries but not within the grains, 
a cellular network similar to that shown 
in Fig. 3 win be revealed. When both 
peak and valley diffusion have reached 
the surface of the coating, the grain 



SION ZONE IN ALCLAD COATING. 

boundaries will be thin and sharply 
defined and grain contrast will be evident. 
The changes in the microstructure of the 
surface of the alclad coating resulting from 
different amounts of diffusion are shown 
by Figs. 3 to 6 inclusive. 

Solution Potential Method 

Solution potential measurements are 
employed to estimate quantitatively the 
amount of copper that diffuses to the sur- 
face of alclad coatings. In brief, the solu- 
tion potential as used in this paper is 
the potential of a cell composed of the 
sample as one electrode, a o.i normal 
calomel electrode as the other electrode, 
and a solution containing 53 grams of 
sodium chloride and 3 grams of hydrogen 
peroxide per liter as measured on a null 
instrument such as a potentiometer. As 
mentioned® previously, the potential of 
an aluminum-copper alloy is a function 
of the amount of copper in solid solution. 
The effect of copper in solid solution on the 
potential of an alloy base of the same 
composition as the coating on Alclad 
24S-T is shown by curve A in Fig. 7. 
Curves B and C, one for 0.016 in. and the 
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Other for 0.064-in. Alclad 24S-T sheet, 
show the efFect of time of heat-treatment 
at 92 o®F. on the potential at the surface 
of the coatings on material quenched in 


to the measured value of the potential of 
the alclad coating. 

Fig. 8 shows the amount of copper 
diffused to the surface of alclad coatings 



Fig. 3. Diffusion to surface 
of alclad coating along grain 
boundaries in a sample of 
o.oi6-in. alclad 24S-T sheet 
which had been heat-treated for 
S min. at 920°F. 


Fig. 4. Structure of surface 
of coating on same material 
with a 15-min. heat-treatment. 



Fig. 5. Structure of surface Fig. 6. Structure of surface 

of coating on same material of coating on same material 
with a 30-min. heat-treatment. with a 60-min. heat-treatment. 

Figs. 3-6. — Microstructure of surface of coating of Alclad 24S-T sheet. X 100. 

The surface sections were etched exactly 60 seconds in Keller's etch. The depth of color devel- 
oped in the microstructure is an indication of the amount of copper that has diffused to the 
surface of the alclad coating. 


cold water. The copper content at the 
surface of alclad coatings can be obtained 
by taking the values from the curve for 
the aluminum-copper alloys corresponding 


as determined by the potential method. 
The variables are time and temperature of 
heat-treatment, and coating thickness. 
The coatings on all of the different thick- 
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nesses of sheets were 5.5 per cent of the 
total thickness on each surface. Fig. 9 
shows the effect of sheet thickness on the 
concentration of copper at the coating 


Effects of Diffusion on the Corrosion 
OF Alclad 24S-T 

Diffusion proceeds faster at the grain 
boundaries than through the grains them- 


TIME AT 920 * F- MINUTES -SCALE for curves B&C 
0 20 . 40 60 80 100 120 



PER CENT COPPER- SCALE for curve A 


Fig. 7. — Shows method of determining amount of copper at surface of Alclad 24S-T 

SHEET BY MEANS OF POTENTIAL MEASUREMENTS. 

The copper content at the surface of the alclad coating is obtained by projecting the measured 
potential of the coating as indicated by the dotted line until it intersects curve A and reading the 
corresponding copper content as indicated. 


surface after three periods of heat-treat- 
ment, From these data it can be seen that 
below 65 o°F. diffusion is negligible even 
for the thinnest material. Even at the 
highest temperature (930®F.) the copper 
that reaches the surface of Alclad 24S-T 
sheet 0.032 in. or over in thickness will 
have no practical effect even though the 
material is heat-treated for periods ap- 
preciably longer than those recommended. 


selves; therefore, the copper content at 
the surface of the coating at the grain 
boundaries will be appreciable before any 
copper has reached the surface at the 
central surface areas of the grains. Solid 
solutions high in copper are cathodic to 
solid solutions lower in copper; conse- 
quently, the grain-boundary zones in a 
partly diffused alclad coating will be 
cathodic and the central surface areas will 
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be anodic. Upon exposure of an aldad 
specimen in the above condition to a 
corrosive environment, this distribution 


micrograph in Fig. ii, on a specimen of 
Aldad 24S-T that was exposed in a corro- 
sive environment. Note that the zones 


10 


0064 - 


SHEET 


006 





Fig. 8. — Shows amount op copper dippused to surface of coating on Alclad 24S-T sheet 

AS DETERMINED BY THE POTENTIAL METHOD. 

The periods and temperatures of heat-treatment and the thicknesses of the sheet are indicated 
on the chart. The coatings were 5.5 per cent of the total sheet thickness on each surface for all 
gauges. 


of the anodic and cathodic areas would 
cause the central surface areas of the grains 
to corrode and electrochemically protect 
zones along grain boundaries. This dis- 
tribution of corrosion is illustrated dia- 
grammatically in Fig. 10 and in a photo- 


along the grain boundaries are ridges and 
at the center of the grains are valleys. 

Since the concentration of copper in a 
diffused aldad coating will progressively 
decrease from the interface to the surface, 
any corrosion of the coating will expose 
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metal that will be anodic to the remaining 
metal beneath it. Consequently, the metal 
at the surface electrochemically protects 
the metal in the diffusion zone and in 


still longer exposure, the corrosion will 
progress to the core alloy and again spread 
out. In Alclad 24S-T sheet that has been 
rapidly quenched from the heat-treating 




SHEET THICKNESS IN INCHES 

Fig. 9. — Shows effect of sheet thickness on concentration of copper at surface of 
Alclad 24S-T sheet after three debterent periods of heat-treatment. 


turn the diffusion zone electrochemically 
protects the core alloy. Hence, in Alclad 
34S-T sheet in which diffusion has occurred, 
corrosion will progress, at first, to the 
diffusion zone and spread out rather 
penetrate into the diffusion zone. Upon 


temperature, corrosion wiU penetrate to 
the interface but not into the core because 
of the electrochemical protection afforded 
the core by various portions of the 
coating as long as part of the coating 
remains. 
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The greater the extent of diffusion, the core and coatings of Aldad 24.S-T sheet 

more nearly the potential of the coating 0.016 in. thick, heat-treated for several 

will approach that of the core. Moreover, periods of time and quenched at several 

since the amount of copper retained in different rates. In addition, one series of 



Fig. 10.— Appearance or hill aktd valley corrosion on surface op partially dippused 

Alclad 24S-T sheet. 



Fig. It. — S urface op partially dippused Alclad a4S-T sheet, 0.020 inch thick, after 

EXPOSURE OP 72 hours IN STANDARD SODIUM CHLORIDE-HYDROGEN PEROXIDE TEST. Ke 1 LER*S 
etch. X 100. 

Note that attack has occurred at the center of the grains, as was shown diagrammatically in 
Fig. 10. 

solid solution is affected by the rate of Alclad 24S-T sheet 0.020 in. thick was 
quench, it follows that the potential of included for comparison.. The slower the 
the core also will be affected by the rate rate of quench, the greater is the tendency 
of quench. In addition, the type of attadr toward susceptibility to intergranular at- 
to whidi the 24S-T core is susc^tible is tack. The core of the sheet that was 
determined by the rate of quench* In quenched in cold water was susceptible to 
Fig. 12 are shown the potentials of the pitting attack when the coating was 


386 


DIFFUSION IN ALCLAD 24S-T SHEET 


longed heat-treatment, the coating will 
tend to become darkened and discolored. 
This does not mean that the product will 
not be serviceable, unless the heat-treating 
practices have been such that the proper 
potential relations between the coating 
and the core are not maintained. From the 
appearance standpoint, however, stained 
and discolored sheet may not match 
adjacent material in structure. * 

Another instance where diffusion of 
copper to the surface of the coating may 
be of some significance is in connection 
with the spot welding of Aldad 24S-T 
sheet. One of the important factors in 
connection with spot welding is the cleaning 
of the sheet surface prior to welding. 
Material that has different amounts of 
copper diffused to the surface may not 
respond uniformly to some types of 
cleaning treatment. 

SXTiaiAEY 

From the results that have been obtained 
by the metallographic and solution poten- 
tial methods described in this paper, it is 
evident that very little, copper will reach 
the surface of Alclad 24S sheet by diffusion 
when a temperature of 8oo®F. or lower is 
employed. Thus, any treatments used for 
annealing or aging will not cause a signifi- 
cant amount of diffusion. In Alclad 24S-T 
material heat-treated in the normal tem- 
perature range, 910® to 930®F., considerable 
copper wiU diffuse to the surface in an 
unduly long heat-treatment for any given 
thickness of material. Amounts of copper 
at the surface of the order of those shown 
will not affect the resistance to corrosion 
of the material if a sufficiently rapid rate 
of quenching is employed. When material 
is qi^enched under the less rapid conditions 
noted in this paper, the amount of diffusion 


to the surface will be important if it 
changes the potentials to the point where 
adequate electrochemical protection is 
no longer obtained. It is assumed that 
when Alclad 24S-T is not quenched 
rapidly, the heat-treating conditions will 
be controlled to keep the amount of diffu- 
sion' as low as possible and adequate 
protective measures will be taken against 
the possibility of corrosive action. 
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Diffusion of Indium in Bearings 

By A. A. Smith, Je.,* Member AJ.M.E. 

(Chicago Meeting. October 1943) 


The application of indium to bearings 
was first advocated by C. F. Smarts in 
1938, for the purpose of inhibiting corrosion 
of certain bearing alloys. He found that a 
thin layer of indium plated on the bearing 
surface and subsequently diffused at ele> 
vated temperatures markedly decreased the 
rate of corrosion in lubricating oils contain- 
ing organic adds. Most of his work was 
done on cadmium-base alloys, although he 
showed that the treatment was also effec- 
tive for copper-lead and other alloys. Since 
their introduction, indium-treated bearings 
have found considerable use, particularly 
in connection with airplane motors.’ 

Undoubtedly the effectiveness of the 
indium plate in resisting corrosion depends 
upon its relative concentration on the 
bearing surface after the diffusion treat- 
ment and after prolonged use at operating 
temperatures. Some diffusion experiments 
were made on a number of base metals 
that had been indium plated, to determine 
the depth of penetration after heating for 
reasonably long periods of time. As only 
the practical aspects were d^ired, no 
attempt was made to determine actual 
diffusion constants. 

Method 

Two different series of experiments were 
carried out to study the diffusion of indium 
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into several base metals. Cast cylinders 
about one-inch diameter were machined to 
0.750-in. diameter, so as to remove all sur- 
face imperfections, and final finishing was 
done with 00 sandpaper. The original 
diameters were very carefully measured 
with micrometers and then a layer of 
indium was electrolytically deposited on 
the cylinders from a sulphate bath.* 

In the first series of experiments, about 
0.002 in. of indium was deposited and 
diffusion was carried out at i5o®C. for a 
period of 500 hr. in a thermostatically con- 
trolled electric oven. After the diffusion 
period, successive layers were machined 
from the specimens and analyzed spectro- 
graphically and chemicaUy-^the spectro- 
graphic examination serving as a guid6 to 
determine which layers should be chem- 
ically analyzed. 

Apparently there was some surface 
oxidation of the indium plate due to the 
long heat-treatment, which may have had 
some effect on the diffurion. Also, the 
cadmium alloy showed some incipient 
melting, which probably was caused by 
the formation of a low-melting eutectic. 
To eijminate these factors, another series 
of experiments was carried out by heating 
in an electrically heated, automatically 
controlled, oil bath at lower temperature. 
The preparation of the specimens was the 
same as before except that a layer of indium 
0.0001 in. thick, an amount commonly used 
commercially on bearings, was deposited 
on eadh of the cylinders. Diffusion was 
carried out at i2o°C. for a period of 200 
hours. 
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Data 

Table i lists the various alloys and the 
exact thickness of the indium plate, this 
thickness being the average computed from 
weight and area measurements. 


Table i. — Thickness of I^ndium Plate 




Thick- 


No. 

Alloy 

ness of 
Plate. 

Series 

No. 



In. 


1 

Refined lead ( 9 C- 99 ) 

0 00197 

z 

2 

Cadmium + x.3 Ki 

0.00220 

I 

3 

Oxygen-free copper 

0 00242 

I 

4 

5 

t Sterling silver 

Refine lead ( 99 *^) 

0.00212 

O.OOOII 

X 

2 

6 

i Cadmium + 1.3 Ni 

0 000097 

2 * 

7 

12.5 Sb. 3-0 As .0.75 Sn, bal. 




Pb 

0 oooz 

2 

8 

Oxygen-free copper 

0.00008 

2 


In Figs. I to 8 are plotted the percentage 
of indium versus the distance from the 
original surface of the sample; i.e., the 
interface between the indium and the base 
metal being the zero abscissa. The length 
of the horizontal line indicates the thickness 
of the analyzed layers. To the left of the 
interface, the shaded area represents the 
original indium plate. (In Figs. 5 to 8 
the shaded areas are not to scale because of 
the extreme thinness of the indium plate.) 

Discussion of Results 

The location of the original interface 
between the two metal layers is difl 5 cult 
to determine in diffusion experiments 
bemuse of possible dimensional changes 
and errors in measurement. It is probable 
that such errors are found in the present 
work, although it is felt that they are not 
serious from the practical point of view. 

In series i, calculation of the amount 
of indium present after the diffusion treat- 
ment indicates that some indium was lost 
through oxidation, or, in the case of cad- 
mium, run off by mdting. This did not 
occur in series 2, as the indium can be 
accounted for "within th^ accuracy of 
measurement and analysis. 

In both series of experiments the depth 


of diffusion of indium is greatest in the 
cadmium alloy, followed by the lead alloys. 
With copper and sterling silver the depth of 
penetration of indium was relatively slight, 
the concentration approaching zero at 
only a few thousandths of an inch from the 
interface. 

The constitutional diagrams for copper- 
indium,^ silver-indium,® and lead-indium®'^ 
indicate a large solid solubility of indium, 
the solid solubility of indium in cadmium 
has not been determined® but undoubtedly 
there is an appreciable amount, as indicated 
by the diffusion experiments. 

Because of the limited number of diffu- 
sion data and the lack of precise solid 
solubility limits in indium alloys, the cal- 
culation of diffusion constants appears 
questionable and of little value. 

In all cases the concentration of indium 
at the surface remains relatively high even 
after the more drastic diffusion experi- 
ments. Smart^ has indicated that even as 
low as 0.37 per cent indium alloyed with 
cadmium-bearing metals will markedly 
decrease the rate of corrosion in addiffed 
lubricating oils. If that is true, these data 
indicate that extremely long times would 
be necessary before diffusion would pro- 
gress to such an extent that the indium 
content at the surface would be bdow this 
amount, assuming that the weight of 
indium is less than 0.4 per cent of the 
weight of the base metal. 
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DISCUSSION 

• C. F. Smart,* Pontiac, Mich. — It is very- 
gratifying that the author’s data on the difhi* 
sion of indium in cadmium alloy and in lead 
bear out the results of indium treatment of 
bearings containing these metals. 

A word of caution, however, may be in order 
— experience has indicated that dependence 
for corrosion resistance should not be placed 
on rdativdly high indium concentration re- 
maining in the surface layers. This is somewhat 
contrary to the author’s conclusion as stated in 
the final paragraph of his paper. At first 
thought this may appear confusing, but exam- 
ination of the difierences between bearing 
practice and the author’s work offers an 
explanation. 

Our investigation of the effectiveness of 
indium for preventing the corrosion of cad- 
mium alloy and lead first dealt with ingots cast 
from melts to whidi known amounts of indium 
had been added. Tests on specimens from such 
ingots indicated that, to obtain satisfactory 
resistance to corrosion in the presence of 
corroding lubricants, approximately 0.4 per 
cent of indium in the cadmium alloy, and 
approximately 4.0 per cent of indium in the 
lead, was desirable. 

In the first attempts at electroplating indium 
and diffusing it into cadmium-alloy bearings, 
the assumption was made that the diffusion 
rate would be such that the indium could be 
concentrated in the surface layers; and, in 
accordance with this assumption, only enough 
inditim to protfect the surface layers was ap- 
plied. These bearings, however, corroded badly 
when run with corrosive lubricant under engine 
operating conditions. It was only after a suffi- 
cient quantity of indium had been deposited on 
the surface of the bearings to provide for an 
average indium content of the bearing alloy 
near to the 0.4 per cent point that suitable 
corrosion resistance was obtained. Bearings into 
which this amount of indium had been dffEused 
were sectioned and the complete depth of alloy 
exposed to corrosive media, with no resultant 
evidence of corrosion on the cut surfaces. 
(More detailed data along similar lines were 
presented in the paper to which the author 
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refers.) Results such as these very strongly 
indicate that the diffusion of indium was com- 
plete throughout the cadmium alloy and that 
to a considerable degree homogenization had 
taken place. 

One possible explanation of the apparent 
difference in diffusion characteristics lies in the 
thicknesses of metal treated. The author’s 
work was done on bars of 0^3 75-in. radius, 
which represents the thickness to which the 
indium would have had to diffuse before 
homogenization could begin. In contrast with 
this, the thickness of bearing metal of the 
bearings treated was on the order of 0.010 in. 
Assuming that the time required for total 
diffusion was some exponential function of the 
metal thickness, it should not be diffcult to 
appreciate the variance that appears to occur 
between diffusion on thick and on thin metal. 
Another possible source of variance is in the 
amount of indium diffused*— -m contrast to 
0.4 per cent average indium in diffused bear- 
ings, Fig. 2 shows an average mdhim content 
of approximately 6.5 per cent in the 0.020 
thickness of cadmium alloy as checked by the 
author. 

G. J. LeBrasse,* Detroit, Mich.— The pres- 
entation of data relative to the diffusion of 
indium in bearings is of great practical impor- 
tance at this time. The fart that the diffusion 
was greatest into the cadmium alloy is very 
interesting, because of the susceptibility of 
cadmium-base bearings to corrosion under cer- 
tain operating conditions. 

Our laboratory has obtained some interesting 
results on the diffusion of indium into several 
cadmium-silver alloys. The diffusion was 
accomplished at 35o*’F. for 2 hr. It was found 
that a good way to determine the effectiveness 
of diffusion was to section diffused bars diagon- 
ally and suspend them in an oil acidified with 
oleic add, for several hours, at 325®r. These 
tests offered a quantitative means of deter- 
mining the effectiveness of dififiision. It was 
found that minor impurities, as well as the 
major alloying constituents, had a marked 
effect on the depth of diffusion. Such data are of 
great importance in bearing applications where 
o.o20-in. diffusion is necessary to afford the 
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proper corrosion resistance after the bearings 
are line-reamed in place by the customer. 

A. A. Smith,* Jn. (author’s reply). — ^In 
studying diffusion, it does not make much 
difference how thick a sample is used, although 
it is preferable to have it thick enough so that 
zero concentration is reached before the speci- 
men is completely machined. In diffusing 
indium into a bearing, it is very improbable 
that a homogeneous alloy is produced with the 
relatively short diffuaon times that normally 
are used.. 


The data in the author’s paper indicate that 
a large concentration gradient still exists even 
with the longest time of diffusion and it is 
likely that a similar gradient exists in a bearing 
liner. The method used by Mr. LeBrasse in 
determining the effectiveness of diffusion is of 
considerable practical importance, although 
it is doubtful whether the method would give 
quantitative values for rates of diffusion. The 
^ect of various impurities in alloying elements 
on the rate of diffusion has been pointed out by 
a number of investigators and it is not sur- 
prising that these factors are important in the 
diffusion of indium into cadmium alloys. 



Diffusion in Chromizing 

By I. R. Kramer,* Member AJ.M.E. 
(Chicago Meeting, October 1943) 


[The hnal paper in the diffusion symposium 
was given by I. R. Blramer. The author called 
attention to the diffusion characteristics of 
chromium deposited on the surface of steel 
by treatment with chromium chloride and 
alloyed with the surface layer of the steel by 
thermal treatment. As the data cited were 
previously published in the paper “ Chromizing 
of Steel,” by I. R. Kramer and Robert H. 
Hafner (Metals Technology, October 1942, 
and in the Transactions, volume 154, 1943, 
pages 415-420), it is unnecessary to reproduce 
these data here. The following paragraphs 
are taken from the author’s presentation. — 
Editor.] 

Aside from the well-known practical 
application of the diffusion phenomena to 
carburizing and calorizing, diffusion also 
finds application in adding alloying de- 
ments to the surfaces of sted parts. The 
chromizing of steels is a process by which 
the surface of a low-alloy steel may be 
enriched with chromium to form a highly 
corrosion-resistant case. This chromized 
case differs from an electroplated coat in 
that it is a diffused layer integral with the 
base metal and has all of the properties of 
a high-chromium sted. 

Recently a method of chromizing has 
been devdoped in Germany by Daeves, 
Becker and Stdnberg in which gaseous 
chromium chloride and hydrogen are 
passed over the sted at temperatures of 
1650° to i8oo®F. The chromium chloride 
reacts with the iron to give chromium 
and iron chloride. The chromium atoms 
are deposited on the surface and diffuse 
in as the iron atoms ’diffuse out, forming 
a layer rich in chromium. The piindpal 
role of hydrogen is to remove the carbon 
from the surface of the sted. Of the 

Published by permission of the Navy Depart- 
ment. 
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two mechanisms, chemical reaction and 
diffusion, the one operating at the slower 
rate will determine the rate of formation 
of the layer. In this case, diffusion is slower 
and therefore any factors influencing its 
rate will affect the process. 

The rate of diffusion is influenced by the 
temperature and crystal structure of the 
parent metal. Depth-concentration studies 
show that the concentration falls off gradu- 
ally for a considerable distance and then 
drops sharply at about 13 per cent chro- 
mium, the point coinddent with the 
boundary of the gamma loop. 

The influence of the composition of the 
base metal upon diffusion is quite impor- 
tant. The depth of penetration of the 
chromium decreases as the carbon content 
increases and, of more importance, the 
chromized layer becomes brittle and is 
likely to spall if the carbon content is too 
high. It appears that in order to chromize 
successfully the carbon must be fixed by 
strong carbide-forming elements such as 
chromium or molybdenum, which de- 
crease the diffusion of carbon. If this is 
not done, the carbon will diffuse from 
the interior faster than the chromium can 
diffuse inward, thus forming a carbide 
barrier. 

The corrosion resistance of the chromized 
layer is high, and these steels offer some 
unique advantages over other corrosion- 
resisting coating or allojrs. While chromiz- 
ing is not meant to replace stainless steels, 
it may serve in the saving of alloying ele- 
ments. The chromizing process uses soft or 
low alloyed steels that can be easily hot or 
cold formed and since the chromized layer 
is soft and firmly adherent, chromized 
parts can be subjected to cold deformation 
without spalling or chipping and without 
loss of corrosion resistance. 
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